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FOR THIN FILM ELECTROLUMINESCENT DEVICES BY SOL- 
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ABSTRACT
Thin film electroluminescent (TFEL) displays are attractive because they are light, have 
low power consumption, wide viewing angle and long lifetime, are extremely rugged 
and can be used in hostile environments. Recently, there has been a renewed interest in 
thin film electroluminescent devices because of their promising application to head 
mounted displays for use in automobiles, aircraft, microsurgery and virtual reality 
applications. Both conventional and inverted thin film electroluminescent device 
structures consist of insulating film, transparent conducting film and luminescent layer. 
In a thin film electroluminescent device, the luminescent layer is sandwiched between 
two insulating layers. Electrodes outside both insulating layers are used to apply an 
electric field, with one electrode being transparent.
These thin films are found to be sensitive to preparation conditions and can be prepared 
by a variety of methods, such as, magnetron sputtering, chemical vapour deposition, 
reactive electron beam evaporation, reactive thermal deposition, spray pyrolysis, laser 
ablation and more recently by sol-gel process. Nowadays, the sol-gel process is a well- 
accepted technology for the preparation of thin films, monoliths, fibers and monosized 
powders. Compared to conventional thin film forming processes such as CVD, 
evaporation or sputtering, sol-gel film formation requires considerably less equipment 
and is potentially less expensive; however the most important advantage of sol-gel 
processing over conventional coating methods is the ability to control precisely the 
microstructure of the deposited film, i.e., the pore volume, pore size and surface area.
The sol-gel process is a method where the substrate to be coated is dipped into a liquid 
solution containing the active material. When the substrate is removed from the solution 
a thin layer remains. On exposure to the atmosphere a hydrolysis reaction takes place 
which solidifies the liquid film.
In this work, all the thin films have been prepared by using sol-gel process. Insulating 
films of titanium dioxide and tantalum oxide were prepared from titanium and tantalum 
alkoxides respectively and their characteristics have been investigated. The most 
important requirements for the insulating layers are high dielectric constant and high 
electric field strength. The dielectric constants of the films were calculated from the 
maximum capacitance of the Al/film/Si structure. The maximum dielectric constants for 
Ti02 and Ta20 5 films were approximately 50 and 82 respectively annealed at 700°C in
oxygen. These results suggest that the Ti02 and Ta2Os thin film can be used as a high 
dielectric constant insulating layer in thin film electroluminescent devices.
Highly conductive and transparent aluminum-doped zinc oxide thin films have been 
prepared from the solution of zinc acetate and aluminum nitrate in ethanol by the sol-gel 
process. The effect of changing the aluminum-to-zinc ratio from 0 to 5 at. % and 
annealing temperature from 0 to 700°C in air, oxygen and nitrogen has been 
investigated. The resistivities of thin films were measured as a function of annealing 
temperature and also as a function of aluminum dopant concentration in the solution. 
As-deposited films have high resistivity and high optical transmission. Annealing of the 
as-deposited films in atmosphere leads to a substantial reduction in resistivity. The films 
have a minimum value of resistivity of 1.3xl0'4 Q-cm for 0.8 at. % aluminum-doped 
zinc oxide annealed at 500°C in nitrogen and a maximum transmission of about 88% 
when deposited on glass substrates. X-ray diffraction measurements employing CuKa 
radiation were performed to determine the crystallinity of the ZnO:Al films which 
showed that the films were polycrystalline with a hexagonal structure when annealed at 
higher temperatures in air, oxygen and nitrogen.
Transparent conductive indium tin oxide (ITO) thin films have been prepared by a sol- 
gel process. The starting solution was prepared by mixing indium chloride dissolved in 
acetylacetone and tin chloride dissolved in ethanol. 0-20 % by weight Sn-doped indium 
oxide (ITO) films were prepared by heat-treatment at above 400°C. The electrical, 
optical and structural properties of ITO thin films were investigated. The electrical 
resistivity was measured by using four-point probe method. The ITO thin films 
containing 10 wt.% Sn showed the minimum resistivity of p = 8.0xl0 '4 Q-cm annealed 
at 500°C in nitrogen. The films have an optical transparency up to 89% at 900 nm. X-ray 
diffraction measurements employing CuKa radiation were performed to determine the 
crystallinity of the ITO films which showed that the ITO films were polycrystalline with 
a cubic bixbyite structure annealed in air, oxygen and nitrogen.
Aluminum doped zinc oxide thin films have been deposited on titanium dioxide and 
tantalum oxide films on glass by sol-gel process. The resistivity of ZnO:Al thin films 
deposited on titanium dioxide and tantalum oxide films on glass have a minimum value 
of 2.5xl0 '3 Q-cm and 9.6xl0 '4 Q-cm respectively annealed at 500°C in nitrogen. ZnO:Al 
thin films deposited on titanium dioxide film on glass have a higher resistivity than that 
deposited on glass. This increase in resistivity on titanium dioxide film is due to the 
diffusion of titanium into the zinc oxide layer.
Indium tin oxide thin films have been deposited on titanium dioxide and tantalum oxide 
films on glass for thin film electroluminescent devices. The resistivity of ITO films 
deposited on titanium dioxide and tantalum oxide films has a minimum value of 9.5x1 O'4 
Q-cm and 9.0x10'4 Q-cm respectively annealed at 500°C in nitrogen which are as low as 
the resistivity of ITO films deposited on glass. This combination of transparent
conductive ITO thin films and titanium dioxide or tantalum oxide insulating layer can be 





Electroluminescence (EL) is a non-thermal generation of light resulting from the 
application of an electric field to a substance. There are two types of EL devices. In 
the familiar light-emitting diodes (LED) devices, light is generated by electron-hole 
pair recombination near a pn junction. In the second type of EL device, light is 
generated by impact excitation of a light-emitting center, called an activator or a 
luminescent centre, by high-energy electrons. The electrons gain their high energy 
from a high electric field on the order of 108 V/m and thus this type of EL is often 
called high-field electroluminescence. In these devices, the behaviour of the majority 
carriers (the electrons) predominantly determines the device physics. Based on this 
high-field electroluminescent phenomenon, four types of EL devices have been 
developed. They are categorized according to the phosphor (discussed in section 
2.6.5) configuration and the drive voltage waveforms: ac thin film EL, ac powder 
EL, dc thin film EL and dc powder EL. Among these, the first two types are now 
commercially available: ac thin film EL devices are used as flat screens of laptop 
personal computers and word processors and ac powder EL devices are used as back 
lights for liquid crystal displays.
Thin film electroluminescent devices consist of insulating films, transparent 
conducting film and electroluminescent phosphor layer. There are two types of thin 
film electroluminescent device structures: (a) conventional device structure and (b) 
inverted device structure. Fig. 1.1 and 1.2 show the fundamental device structures of 










Figure 1.1 Conventional MISIM (metal-insulator-semiconductor-insulator-metal) 









Figure 1.2 Inverted thin film EL device structure.
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1.2 Objectives of the Work Described in This Thesis
• To prepare the insulating and transparent conducting films by sol-gel process.
• To measure the electrical properties, e.g. dielectric constant, breakdown voltage 
and resistivity for the insulating films and resistivity, hall mobility and carrier 
concentration for the transparent conducting films annealed at different 
temperatures in the presence of air, oxygen and nitrogen.
• To characterize the bonding structure of the films annealed at different 
temperatures in the presence of air, oxygen and nitrogen.
• To investigate the crystallinity of the films annealed at different temperatures in 
the presence of air, oxygen and nitrogen.
• To measure the optical properties, e.g. optical transmission of the films annealed 
at different temperatures in the presence of air, oxygen and nitrogen.
• To deposit transparent conducting films on top of insulating films by sol-gel 
process as this combination is used to prepare the inverted thin film 
electroluminescent devices.
• To characterize the combined structures of transparent conducting and insulating 
films and to find the best possible combination for thin film electroluminescent 
devices.
1.3 Organization of This Thesis
This thesis is organized into nine chapters and two appendices.
• Chapter 1 presents the introductory chapter, which includes the summary and 
objectives of this thesis.
• Chapter 2 presents the review of the structure, device physics and material 
properties of thin film electroluminescent devices.
3
• Chapter 3 describes the various deposition technologies of thin films.
• Chapter 4 describes the sol-gel technology.
• Chapter 5 deals with measurement techniques used in this work.
• Chapter 6 describes the preparation and characterization of insulating films by
sol-gel process.
• Chapter 7 describes the preparation and characterization of transparent 
conducting films by sol-gel process.
• Chapter 8 investigates the combined characteristics of transparent conducting 
films deposited on insulating films by sol-gel process.
• Chapter 9 presents the conclusions of this work and offers suggestions for further 
studies.
• Appendix A presents the X-ray diffraction data for titanium dioxide, tantalum 
oxide, zinc oxide and indium tin oxide.
• Appendix B presents the list of publications from this work.
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Chapter 2
THE STRUCTURE, DEVICE PHYSICS AND MATERIAL 
PROPERTIES OF THIN FILM ELECTROLUMINESCENT 
DEVICES
2.1 Introduction
Fundamental to an EL device is its solid state construction which can be fully 
integrated onto the substrate of the drive electronics. This has the advantage that a 
fully integrated optoelectronic flat panel display can be produced on a single 
substrate. Additionally, since EL displays are emissive, the viewing angle is greater 
than 160° which has been an inherent problem with the liquid crystal displays (LCD). 
EL panels offer a temperature range of -  25° C to 60° C which is limited by the drive 
electronics, and the solid state construction makes them inherently more shock and 
vibration resistant. The ruggedness and temperature range of flat panels are very 
critical for certain military and industrial applications. Currently, thin film EL is the 
longest lasting, most reliable flat panel display technology on the market. Display 
panels have demonstrated device lifetimes of over 50,000 h with less than 10% 
luminance change [1 ,2].
To understand the fundamentals of a thin film electroluminescent device, one must 
consider the device structure, the electrical and optical properties, the device physics 
and the unique materials requirements.
2.2 History of electroluminescence
Electroluminescence (EL) is the phenomenon in which electrical energy is converted 
to luminous energy without thermal energy generation. The first observations of the 
electroluminescence phenomenon were reported in 1929 [3]. Important, but often 
overlooked, experiments by Gudden and Pohl first demonstrated the effect that an 
electric field has on the photoluminescent decay of a copper-doped zinc sulphide 
(ZnS:Cu) phosphor. In 1936, Georges Destriau [4] observed light emission from a
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suspension consisting of ZnS:Cu and oil; this work is often cited as the first 
published report on the phenomenon of electroluminescence. Very few people 
published work on electroluminescence after Destriau’s discovery, until the early 
1950s when GTE Sylvania received a patent for an EL powder lamp [5]. Subsequent 
to this patent, research efforts concentrated on powder EL phosphors in order to 
achieve a brighter, long lifetime light source with minimal power requirements. This 
effort, however, soon ended when it was determined that the phosphors being 
investigated were unable to provide adequate sustained brightness over the minimum 
commercially acceptable lifetimes (500h).
In the 1960s there was a resurgence in EL research which was focused on display 
technologies. One of the first a.c. thin film dot matrix displays was unveiled in 1965 
by Sigmatron Corp., which was followed by the demonstration of a sunlight readable 
numeric display in 1968 [6]. No commercial products were ever produced from this 
effort and eventually this company folded. Later, in 1968, Vecht [7] demonstrated 
the first d.c. driven EL panel, but again a commercial product was not generated. In 
the 1960s great strides were made in thin film technology, which helped Soxman and 
Ketchpel [8] fabricate thin film devices. These devices had acceptable lifetimes and 
multiplexing capabilities, but failed to achieve acceptable reliability. A breakthrough 
in EL technology was made by Inoguchi et al. (Sharp Corporation) [9] which 
introduced a new a.c. thin film approach in 1974. The key to this approach was the 
concept put forward by Russ and Kennedy (1967) [10] which described a three-layer 
sandwich design. The team of researchers at Sharp fabricated a device modelled on a 
capacitor structure which consisted of a manganese-doped zinc sulphide (ZnS:Mn) 
central phosphor layer and two yttrium oxide (Y2O3) insulators that sandwiched the 
phosphor layer. This was the first high brightness, long lifetime device. This paper is 
credited with transforming the research and development of electroluminescence into 
a viable display technology. While both a.c. and d.c. driven devices have been 
explored for display applications, the interest in a.c. driven thin film 
electroluminescent devices has dominated. Sharp succeeded in developing this 
technology and introduced a monochrome television display in 1978 [11], In order to 
compete with other display technologies, multicoloured displays were introduced by
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Coovert et al. (Planar Systems) [12], and by 1994 Planar Systems had introduced a 
prototype full colour thin film EL display [13]. 
While thin film EL research has dominated much of the EL research and 
development efforts, parallel work has been performed in powder EL technology. In 
the early 1990s, a.c. powder EL light sources began to re-establish themselves based 
on improved control of moisture which was necessary to ensure adequate lifetimes. 
Using a glass microencapsulation technique to avoid moisture-induced degradation 
of ZnS powders, Durel Corp. demonstrated a flexible thin EL lamp which was 
incorporated as a back light into LCD flat panel displays (i.e. in wrist watches). 
Thus, today both thin film and powder EL displays are active in the market place.
2.3 Device structure
A typical thin film EL device structure is shown in Fig. 1.1. The MISIM (metal- 
insulator-semiconductor-insulator-metal) structure is usually deposited on a 
transparent glass substrate which varies in composition depending on the phosphor 
processing temperature. Typically, Coming 7059 glass is used as a substrate because 
of its low cost and high availability. In addition, it does not contain alkali metals 
which have been found to diffuse into the semiconducting phosphor layer and cause 
the devices to degrade over time [14]. Some EL phosphors, however, require a high 
temperature-annealing step which is above the 598°C softening temperature of the 
Coming 7059 glass. When processing temperatures exceed 598°C, high temperature 
glass ceramics are used. These glass ceramics typically cost 10 times more than 
standard 7059 glass.
Another structure that has been developed is the so-called ‘inverted’ structure which 
is shown in Fig. 1.2. This structure has been used in active matrix electroluminescent 
(AMEL) [15] displays as well as thick film dielectric hybrid electroluminescent 
(TDEL) displays [16]. The inverted thin film electroluminescent device structure 
uses the transparent electrode on the top of the top insulator.
Regardless of whether the conventional or inverted structure is used, the basic 
function of each layer is the same. Before discussing the thin film EL equivalent
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circuit diagram it is appropriate to first summarise the basic function of each layer. 
First of all, the middle semiconducting layer (commonly called the phosphor layer) is 
the light emitting material. This material consists of two constituents: (1) the host 
material which dominates the electrical properties of the phosphor layer, and (2) the 
luminescent center which dominates the optical properties of the phosphor layer. 
When a large electric field is induced across the phosphor layer, electrons are 
injected from the phosphor/insulator interface and accelerate through the phosphor 
layer. These electrons then excite the luminescent centers which subsequently 
generate light. The phosphor layer is sandwiched between two insulators which limit 
the current transported across the device. These insulating layers have been found to 
effectively prolong the lifetime of the thin film electroluminescent device. Finally, 
the top and bottom electrodes simply complete the device structure and make 
electrical contact to the drive electronics.
2.4 Electrical properties of thin film EL devices
The basic thin film EL device structure can be modelled as a simple circuit where 
the insulators are represented by perfect capacitors and the phosphor layer is 
represented by a capacitor below threshold and a pair of back-to-back diodes above 
threshold [17]. The threshold is the voltage or electric field at which the phosphor 
layer experiences a Zener breakdown. Schematically, the equivalent circuit is shown 
in Fig. 2.1.
Below threshold, the thin film EL device is simply a three series capacitor circuit 
where the voltage drop across each layer is proportional to the dielectric constant 
and the layer thickness. At threshold, the phosphor layer experiences a Zener 
breakdown as electrons are injected by tunnelling into the phosphor layer. This 
produces a real current which is transported across the phosphor layer and is 
represented by the back- to-back Zener diodes in the diagram. Thin film EL devices 
are driven at high voltages (200-250 V) which induce large electric fields (1-2 MeV 
cm'1) across the insulators and the phosphor layer. While this simple model 
accurately describes most of the device characteristics, more sophisticated models




f  Semiconducting Phosphor (CP)
Insulator (Cj)
Figure 2.1 Equivalent circuit diagram for a thin film EL device.
One very useful measurement that illustrates the electrical characteristics in a thin 
film EL device is the charge-voltage (Q-V) diagram, which is illustrated in Fig.2.2 
[2], Initially, in a virgin device, there is no stored polarization charge so at zero 
voltage there is a corresponding zero charge. As the voltage is ramped below 
threshold, the slope of the Q-V curve (dQ/dV) is equal to the total capacitance of the 
insulators and the phosphor layer. When threshold ( V th )  is reached, the phosphor 
layer breaks down and charge is transported which causes the slope of the Q-V 
diagram to increase sharply. The new slope is equal to the series capacitance of the 
two insulators only. The charge that is transported across the phosphor layer 
accumulates at the anodic phosphor/insulator interface and creates an opposing 
polarisation field. When the voltage is reduced below threshold, the slope decreases 
and the capacitance again becomes equal to the combined capacitance of the 
insulators and the phosphor. Because of the trapped charge at the interface, at 0 V 
the charge is now non-zero and only when the external field equals the internal 
polarisation field does the charge reduce to zero. When the voltage is cycled through
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an entire a.c. pulse, a hysteresis loop is formed whose area is proportional to the 
power dissipated in the device. The power density (P) is given by:
P=2fCiVmodVdth (2.1)
Where /  is the frequency, C, is the insulator capacitance, Vmoit is the modulation 
voltage, and Vdlh is the internal diode threshold voltage. Ci and Vdth are both 
functions of the dielectric properties of the phosphor and insulator layers and 
minimising the phosphor dielectric constant and maximising the insulator dielectric 
constant is critical to lowering the power consumed in thin film EL displays.
Figure 2.2 Schematic diagram of charge-voltage (Q-V) plot.
2.5 Device physics
The device physics of an EL device can be divided into four main topics, namely 
(1) tunnel emission of electrons from interface states, (2) acceleration of electrons 
to high energies, (3) impact excitation or impact ionisation of the luminescent 
center, and (4) de-excitation of the excited electron by radiative (photon generation) 
or non-radiative recombination [1]. These four processes are illustrated in fig. 2.3.
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Figure 2.3 Four mechanisms that occur in a thin film electroluminescent device: (1) 
tunnel emission of electrons from interface states, (2) acceleration of electrons to 
high energies, (3) impact excitation of the luminescent center, and (4) radiative de­
excitation of the excited state electron (photon generation).
2.5.1 Tunnel emission
The mechanism of electron injection in thin film EL devices is critical to 
understanding the device operation. In general there are two mechanisms 
responsible for carrier injection, namely (1) thermionic emission, and (2) field 
emission or tunnelling (fig. 2.4). In thin film EL devices, one must also consider the 
origin of these carriers, which either come from the bulk or from the 
phosphor/insulator interface. The accepted theory for carrier injection in most EL 
phosphors is tunnelling from interface states. While the pure tunnelling mechanism 
has been shown to be temperature independent, there is a slight temperature 
dependence on the thin film EL device current. Consequently, this tunnelling 
mechanism has been suggested to be thermally assisted [20].
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Figure 2.4 Energy band diagram illustrating the two electron injection mechanisms: 
(1) thermionic and (2) field emission or tunnelling.
There are several experimental observations that support the idea that the electrons 
trapped at the phosphor/insulator interface are the carrier source, and that the 
thermally assisted tunnelling mechanism is responsible for their injection. First of 
all, it has been shown that the threshold voltage (field) varies for opposite polarities 
of the same device when different top and bottom insulators are used, which 
suggests that the interface is the source of carriers. Specifically, devices with 
different top and bottom insulators have demonstrated asymmetric device currents 
and threshold fields as a function of the polarity of the applied voltage. Second, the 
observation that the device current is such a strong function of the phosphor field 
suggests that the tunnelling mechanism dominates. Finally, the fact that the 
electrical properties are only a weak function of temperature rules out a strict 
thermionic emission process and suggests that tunnelling dominates [2 1].
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2.5.2 Electron acceleration
O n c e  th e  e le c tr o n s  are tu n n e l in je c te d  in to  th e  p h o sp h o r  la y e r  c o n d u c t io n  b an d , th e y  
are a c c e le r a te d  u n d er  th e  in f lu e n c e  o f  th e  e le c tr ic  f ie ld . T h e  e le c tr ic  f ie ld  in  th e  
p h o sp h o r  la y e r  ca n  b e  c a lc u la te d  b y  rea rra n g in g  M a x w e ll 's  e q u a tio n s  fo r  se r ie s  
c a p a c ito r s . T h e  re su lta n t e q u a tio n  fo r  th e  p h o sp h o r  e le c tr ic  f ie ld  (EP) is  [2 2 ]:
EP = , - x .  Vtot ( 2 .2 )
etd p + e p \ W i
w h e r e  s  i s  th e  d ie le c tr ic  c o n s ta n t , d  i s  th e  la y e r  th ic k n e s s ,  a n d  th e  su b sc r ip ts  i an d  p  
r e p r e se n t th e  in su la to r  an d  th e  p h o sp h o r , r e s p e c t iv e ly  ( a s s u m in g  th e  to p  an d  b o tto m  
in su la to r s  are th e  sa m e ) . T h is  p h o sp h o r  e le c tr ic  f ie ld  i s  e x tr e m e ly  h ig h . A t  th e se  
h ig h  e le c tr ic  f ie ld s ,  th e  in je c te d  e le c tr o n s  a c c e le r a te  to  h ig h  e n e r g ie s  e x tr e m e ly  
q u ic k ly .
2.5.3 Impact excitation
A fte r  th e  e le c tr o n s  a c c e le r a te  to  h ig h  e n o u g h  e n e r g ie s , t h e y  c a n  in te ra c t w ith  a  
lu m in e s c e n t  c e n te r  an d  p r o m o te  o n e  o f  th e  lu m in e s c e n t  c e n te r ’s g ro u n d  sta te  
e le c tr o n s . T h e  e le c tr o n  c a n  e ith e r  b e  p r o m o te d  in to  a h ig h e r  a to m ic  sta te  o f  th e  
lu m in e s c e n t  c e n te r , o r  in to  th e  c o n d u c t io n  b a n d  o f  th e  h o s t  m a te r ia l w h ic h  is  c a lle d  
im p a c t  e x c ita t io n  [2 3 ]  o r  im p a c t  io n is a t io n  [2 4 ] ,  r e s p e c t iv e ly .  W h e n  th e  e le c tr o n  is  
e x c it e d  in to  a  h ig h e r  a to m ic  s ta te  ( im p a c t  e x c ita t io n ) , it  c a n  r e la x  b a c k  in to  its  grou n d  
s ta te  e ith e r  r a d ia t iv e ly  o r  n o n -r a d ia t iv e ly .
2.5.4 De-excitation
D e - e x c it a t io n  c a n  o c c u r  e ith e r  r a d ia t iv e ly  (w h ic h  p r o d u c e s  a  p h o to n )  or n o n -  
r a d ia t iv e ly . T y p ic a l ly ,  n o n -r a d ia t iv e  r e la x a t io n  o c c u r s  b y  p h o n o n  g e n e r a t io n  w h ic h  
p r o d u c e s  h e a t  fr o m  la t t ic e  v ib r a tio n s . F ig . 2 .5  s c h e m a t ic a l ly  d e m o n str a te s  th e s e  tw o  
d e -e x c ita t io n  p a th w a y s . L o c a l  la t t ic e  im p e r fe c t io n s  s u c h  a s  p o in t  d e fe c ts  
( in te r s t it ia ls , v a c a n c ie s . . .  ) ,  l in e  d e fe c ts  (d is lo c a t io n s ) ,  an d  v o lu m e  d e fe c ts  (g ra in  
b o u n d a r ie s )  a ls o  a ct as n o n -r a d ia t iv e  r e c o m b in a t io n  c e n te r s  w h ic h  are d e le te r io u s  to  
th e  ra d ia t iv e  e f f ic ie n c y .  T h e  n o n -r a d ia t iv e  r e c o m b in a t io n  ra te  in c r e a se s  w ith  
tem p e ra tu r e  w h i le  th e  r a d ia t iv e  r e c o m b in a t io n  rate is  tem p e ra tu r e  in s e n s it iv e .
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S u b s e q u e n t ly , th e  r a d ia t iv e  e f f i c i e n c y  d e c r e a s e s  as th e  te m p e ra tu r e  in c r e a se s  d u e  to  
an  in c r e a se  in  th e  n o n -r a d ia t iv e  r e c o m b in a t io n  rate.
C o n d u c tio n
B a n d
e






f(p h o n o n s )
G S
V a le n c e
B a n d
F ig u r e  2 .5  E n e r g y  b a n d  d ia g r a m  s h o w in g  th e  r a d ia t iv e  d e -e x c ita t io n  p a th w a y  
w h ic h  p r o d u c e s  a  p h o to n  an d  a n o n -r a d ia t iv e  p a th w a y  w h ic h  g e n e r a te s  p h o n o n s .
T h e  r a d ia t iv e  d e c a y  t im e  o f  a lu m in e s c e n t  c e n te r  i s  a n  im p o r ta n t p r o p e r ty  fo r  th in  
f i lm  E L  p h o sp h o r s , a  fa s t  d e c a y  t im e  d o e s  n o t  n e c e s s a r i ly  m e a n  th a t it  w i l l  b e  a  
g o o d  th in  f i lm  E L  m a te r ia l. S im ila r ly , a  s lo w  d e c a y  t im e  d o e s  n o t  m e a n  that a  
lu m in e s c e n t  c e n te r  w i l l  n e c e s s a r i ly  b e  a  p o o r  th in  f i lm  E L  m a te r ia l. It is  o f te n  
d if f ic u lt  to  k n o w , a p r io r i, w h e th e r  a  m a te r ia l w i l l  b e  e f f ic ie n t  or n o t, b e c a u s e  o n e  
m u st  c o n s id e r  b o th  th e  e le c tr ic a l  an d  o p tic a l c h a r a c te r is t ic s  o f  th e  m a ter ia l.
2.6 Material properties
B o th  c o n v e n t io n a l an d  in v e r te d  th in  f i lm  E L  d e v ic e  s tru ctu res c o n s is t  o f  th e  




(iv) insulating layer, and
(V) phosphor layer.
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T h e  r e q u ir e m e n ts  o f  th e s e  m a te r ia ls  in  ter m s o f  e le c tr ic a l ,  o p t ic a l  a n d  p h y s ic a l  
c h a r a c te r is t ic s  are d is c u s s e d  in  th is  s e c t io n .
2.6.1 Glass Substrates
T h e  c h a r a c te r is t ic s  an d  su r fa c e  c o n d it io n s  o f  th e  g la s s  su b stra te s  c o n tr o l th e  
p r o p e r t ie s  an d  r e lia b il i ty  o f  E L  d e v ic e s .  D u r in g  E L  fa b r ic a t io n , s e v e r e  p r o c e s s in g  
c o n d it io n s  are u se d , s u c h  as h ig h  tem p e ra tu r e  (~ 5 5 0 ° C )  a n n e a lin g  a n d  im m er sio n  in  
a c id  or a lk a lin e  f lu id s , a n d  s o  th e  g la s s  su b stra te s  m u s t  b e  h e a t  r e s is ta n t  an d  a c id  
a n d  a lk a li r e s is ta n t. F u r th er m o re , d if fu s io n  o f  a lk a li-m e ta l io n s  fr o m  th e  g la s s  in to  
th e  p h o sp h o r  la y e r  m u st  b e  p r e v e n te d , b e c a u s e  th e y  d e te r io r a te  th e  E L  
ch a r a c te r is tic s . A  f in a l re q u ir e m e n t i s  th a t th e  g la s s  su r fa c e  s h o u ld  b e  a s  s m o o th  as  
n e c e s s a r y  fo r  p h o to m a sk in g .
P h y s ic a l  p r o p e r t ie s  r e q u ir e d  fo r  th e  g la s s  su b stra te s  are a s fo l lo w s :
( i)  h ig h  tr a n s m is s io n  c o e f f ic ie n t  in  th e  v is ib le - l ig h t  r e g io n ,
( i i)  th e rm a l e x p a n s io n  c o e f f ic ie n t  that m a tc h e s  th a t o f  th e  d e p o s ite d  f ilm s ,
( i i i )  h ig h  s o f te n in g  tem p e ra tu r e , i .e . ,  a b o v e  6 5 0 °C ,
( iv )  lo w  o r  n o  a lk a li-m e ta l c o n te n t, an d
(v )  h ig h  e le c tr ic a l  r e s is t iv ity .
2.6.2 Transparent Electrodes
L a r g e  c o n d u c t iv i ty  v a lu e s  an d  h ig h  tr a n sm itta n c e  in  th e  v is ib le  l ig h t  r e g io n  are  
n e c e s s a r y  fo r  tra n sp a ren t c o n d u c t in g  f i lm s  fo r  E L  d e v ic e s .  T h e  m o s t  c o m m o n  
tra n sp a ren t e le c tr o d e  u s e d  i s  in d iu m  tin  o x id e  (IT O ) w h ic h  h a s  a  sh e e t  r e s is ta n c e  o f  
a b o u t 5 - 1 0  Q /s q u a r e  fo r  th ic k n e s s e s  th a t r a n g e  fr o m  3 0 0 - 5 0 0  n m . T h o u g h  o p t ic a lly  
tra n sp a ren t, IT O  h a s  a  h ig h  c o n d u c t iv ity  b e c a u s e  o f  a  h ig h  c o n c e n tr a t io n  o f  sh a llo w  
d o n o r s  th a t l ie  o n ly  a  f e w  m e V  b e lo w  th e  c o n d u c t io n  b a n d . A t  r o o m  tem p era tu re , 
t h e s e  d o n o r s  are th e r m a lly  a c t iv a te d  in to  th e  c o n d u c t io n  b a n d  an d  le a d  to  h ig h  
c o n d u c t iv ity .  T h e r e  are b a s ic a l ly  tw o  so u r c e s  b e l ie v e d  to  co n tr ib u te  to  th e  s h a llo w  
d o n o r  l e v e l  in  IT O , n a m e ly  (1 )  S n +4 s it t in g  su b s t itu t io n a lly  o n  an  In +3 s ite , an d  (2 )  
o x y g e n  v a c a n c ie s .  W h ile  IT O  is  th e  p r e d o m in a n t tra n sp a ren t e le c tr o d e  m a ter ia l, 
Z n O  a n d  Z n O : ( A l ,  In , G a ) h a v e  a lso  b e e n  u s e d  fo r  th in  f i lm  e le c tr o lu m in e s c e n t
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d e v ic e s .  A  s im ila r  c o n d u c t io n  m e c h a n is m  that is  r e s p o n s ib le  fo r  IT O  c o n d u c tio n  
o c c u r s  in  Z n O  f i lm s  a s  w e ll .  F o r  u n -d o p e d  Z n O , a  h ig h  o x y g e n  v a c a n c y  
c o n c e n tr a t io n  i s  b e l ie v e d  to  in d u c e  a s h a llo w  d o n o r  le v e l ,  an d  fo r  th e  d o p e d  Z n O , 
A l,  In , an d  G a  a ll h a v e  a  + 3  v a le n c e  sta te  w h ic h  a ct as s h a l lo w  d o n o r s  w h e n  
su b s t itu t in g  fo r  th e  Z n +2 s ite  [2 5 ].
2.6.3 Metal Electrodes
T h e  r e q u ir e m e n ts  fo r  th e  rear e le c tr o d e  m a te r ia ls  in  th e  c o n v e n t io n a l th in  f i lm  E L  
stru ctu re  are a s  fo llo w s :
( i)  g o o d  a d h e s io n  to  th e  in s u la t in g  la y e r ,
( i i)  n o  m e ta l- io n  m ig r a t io n  at h ig h  e le c tr ic  f ie ld ,
( i i i )  a n  a b il ity  to  p r e v e n t  b r e a k d o w n  sp rea d  w h e n  d ie le c tr ic  b r e a k d o w n  o f  th e  
p h o sp h o r  la y e r  o r  in s u la t in g  la y e r s  o c c u r s , an d
( iv )  lo w  r e s is t iv ity .
A m o n g  th e  m a te r ia ls  s a t is fy in g  th e s e  c o n d it io n s , a lu m in u m  ( A l)  i s  c o n s id e r e d  to  b e  
th e  b e s t  an d  fr e q u e n tly  u s e d  as to p  e le c tr o d e  in  c o n v e n t io n a l E L  d e v ic e s .  O n e  
d r a w b a c k  o f  a lu m in u m , h o w e v e r ,  is  its  e x tr e m e ly  h ig h  r e f le c t iv i ty  o f  lig h t. E x ter n a l 
l ig h t  th a t p e n e tr a te s  in to  th e  E L  d e v ic e  is  r e f le c te d  b a c k  b y  th e  a lu m in u m  w h ic h  h a s  
a  n e g a t iv e  e f f e c t  o n  th e  c o n tr a s t  o f  th e  d isp la y . T h is  r e f le c t io n  c a n  b e  su p p r e sse d  b y  
a  s m o k e  f ilte r  o f  5 0 -7 0 %  o r  b y  c ir c u la r ly  p o la r is in g  f ilte r s .
O n  th e  o th e r  h a n d , in  th e  in v e r te d  th in  f i lm  E L  stru ctu re , in  w h ic h  th e  m e ta l  
e le c tr o d e  is  d e p o s ite d  f ir s t  o n  th e  g la s s  su b stra te , a d d it io n a l r e q u ir e m e n ts  fo r  th e  
lo w e r  m e ta l e le c tr o d e  are as fo l lo w s :
(v )  h ig h  tem p e ra tu r e  r e s is ta n c e  to  d e fo r m a tio n  a b o v e  5 5 0 ° C  d u r in g  a n n e a lin g ,
i .e . ,  h ig h  m e lt in g  p o in t ,
(v i)  th e rm a l e x p a n s io n  c o e f f ic ie n t  th a t m a tc h e s  th a t o f  th e  g la s s  su b stra te , and
( v i i )  s m a ll r e f le c t io n  c o e f f ic ie n t  in  th e  v is ib le  l ig h t  r e g io n  to  o b ta in  g o o d  
co n tra st.
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M o ly b d e n u m  (M o )  an d  tu n g s te n  (W )  are su ita b le  fo r  th e  m e ta l e le c tr o d e s  in  th e  
in v e r te d  E L  d e v ic e  stru ctu re d u e  to  th e ir  h ig h  m e lt in g  p o in t.
2.6.4 Insulating Layers
T h e  m o s t  im p o r ta n t r o le  o f  th e  in s u la t in g  la y e r s  is  to  p r o te c t  th e  p h o sp h o r  la y er  
fro m  e le c tr ic a l  b r e a k d o w n  in  th e  e le c tr ic  f ie ld  o f  m o r e  th a n  2 x l 0 8 V /m . T h e y  m u st  
s a t is fy  c r it ic a l m e c h a n ic a l r e q u ir e m e n ts  in  ter m s o f  a d h e s io n  an d  stre ss  o v e r  
p r o c e s s  tem p e ra tu r es  th a t r a n g e  u p  to  5 5 0 ° C . F u rth erm o re , t h e y  m u s t  p r e v e n t  m e ta l­
io n  d if f u s io n  in to  th e  p h o sp h o r  la y e r  an d  p r o v id e  in te r fa c e  s ta te s  a t th e  b o u n d a r y  o f  
th e  p h o s p h o r  la y e r  an d  th e  in s u la t in g  la y er .
In su la t in g  la y e r s  sh o u ld  h a v e  th e  f o l lo w in g  p r o p e r t ie s  to  p r o d u c e  r e lia b le  and  
e f f ic ie n t  th in  f i lm  E L  d e v ic e s  [ 2 6 -2 8 ] :
( i)  h ig h  d ie le c tr ic  c o n s ta n t  8osr,
( i i )  h ig h  d ie le c tr ic  b r e a k d o w n  e le c tr ic  f ie ld  Ebd,
( i i i )  s m a ll  n u m b e r  o f  p in h o le s  a n d  d e fe c ts ,
( iv )  u n ifo r m  th ic k n e s s ,
(v )  g o o d  a d h e s iv e n e s s ,  an d
(v i)  s m a ll tan§ .
H e r e  so a n d  s r are th e  d ie le c tr ic  c o n s ta n t  o f  a  v a c u u m  an d  r e la t iv e  d ie le c tr ic  
co n sta n t , r e s p e c t iv e ly ;  ta n 8  i s  a  m e a su r e  o f  d is s ip a t iv e  c h a r a c te r is t ic s  d e f in e d  b y  
l/(2 7 t fC R ), w h e r e  f  is  th e  d r iv e  fr e q u e n c y , C  is  th e  c a p a c ita n c e , an d  R  is  th e  
r e s is ta n c e  o f  th e  in s u la t in g  la y e r .
T h e  h ig h  d ie le c tr ic  c o n s ta n t  re q u ir e m e n t fo r  in su la to r s  c a n  b e  ju s t i f ie d  b y  a p p ly in g  
M a x w e ll 's  e q u a tio n s  to  an  E L  d e v ic e  b e lo w  th e  th r e sh o ld  v o lta g e .  T h e  th r e sh o ld  is  
d e f in e d  to  b e  th e  v o lt a g e  o r  f ie ld  th a t m a rk s th e  o n s e t  o f  th e  Z e n e r  b r e a k d o w n  o f  
th e  s e m ic o n d u c t in g  p h o sp h o r . T o  o p t im is e  d e v ic e  p e r fo r m a n c e , ca refu l 
c o n s id e r a tio n  m u st  b e  g iv e n  to  m a x im is e  th e  e le c tr ic  f ie ld  a c r o s s  th e  p h o sp h o r  
la y e r , an d  m in im is e  th e  f ie ld  a c r o ss  th e  in su la to r s . A s  d e s c r ib e d  p r e v io u s ly ,  b e lo w
17
th e  th r e sh o ld  v o lt a g e  th e  d e v ic e  c a n  b e  a p p r o x im a te d  as th r ee  s e r ie s  c a p a c ito r s  w ith  
th e  e le c tr ic  f ie ld  a c r o ss  e a c h  la y e r  g iv e n  b y:
e\E\ = epEp = e bX  ( 2 .3 )
w h e r e  E i s  th e  e le c tr ic  f ie ld , f i s  th e  d ie le c tr ic  c o n s ta n t  at th e  f r e q u e n c y  o f  o p era tio n , 
su b sc r ip t  i  a n d  p  re p r e se n t th e  in su la to r s  (t  =  to p , an d  b  =  b o tto m )  an d  th e  p h o sp h o r  
la y e r s , r e s p e c t iv e ly .  F u rth erm o re , th e  v o lt a g e  d rop  a c r o ss  e a c h  la y e r  i s  s im p ly  th e  
p r o d u c t o f  th e  e le c tr ic  f ie ld  in  e a c h  la y e r  an d  th e  th ic k n e s s  (d )  o f  e a c h  la y er . T h e  
to ta l a p p lie d  v o lt a g e  ( Vtot) is  d iv id e d  b e t w e e n  e a c h  la y e r  a c c o r d in g  to  th e  f o l lo w in g  
eq u a tio n :
Vlol= E ;d ;+ E pd p +E»df ( 2 .4 )
E q s . (2 .3 )  a n d  (2 .4 )  d e m o n str a te  th a t th e  th r e sh o ld , or tu r n -o n , c h a r a c te r is tic s  o f  a  
th in  f i lm  E L  d e v ic e  i s  a  fu n c t io n  o f  th e  d ie le c tr ic  c o n s ta n t  an d  th e  th ic k n e s s  o f  ea c h  
la y e r  in  th is  th r ee  s e r ie s  c a p a c ito r  stru ctu re. T o  m a x im iz e  th e  p h o sp h o r  e le c tr ic  f ie ld ,  
th e  in su la to r s  sh o u ld  h a v e  a  h ig h  d ie le c tr ic  c o n s ta n t  a n d  s u f f ic ie n t  e le c tr ic  f ie ld  
s tre n g th  to  a v o id  b r e a k d o w n . In  a d d it io n , th e  in su la to r s  s h o u ld  b e  p r o c e s s e d  to  b e  as 
th in  as p o s s ib le  w ith o u t  c o m p r o m is in g  d e v ic e  r e lia b ility . G e n e r a lly , a s th e  in su la to r  
f i lm  th ic k n e s s  d e c r e a s e s , d e v ic e  r e lia b il i ty  g e ts  w o r s e  b e c a u s e  p in h o le s  in  th e  f ilm s  
c a u s e  lo c a l iz e d  h ig h  f ie ld  r e g io n s  w h ic h  r e su lt  in  p rem a tu re  d ie le c tr ic  b rea k d o w n .  
T h e r e  are tw o  g r o u p s  o f  d ie le c tr ic  m a te r ia ls  u s e d  in  th in  f i lm  e le c tr o lu m in e sc e n t  
d e v ic e s :  (a )  a m o r p h o u s  o x id e s  a n d  n itr id e s , su c h  as A I 2 O 3 , SiC>2 , Y 2 O 3 , TiC>2 , S i 3N 4 
an d  T a 2 C>5 ; (b )  fe r r o e le c tr ic  m a te r ia ls , s u c h  as B a T i 0 3  an d  PbTiC>3 . G ro u p -(a )  
d ie le c tr ic  m a te r ia ls  h a v e  a s m a ll  d ie le c tr ic  c o n s ta n t  an d  h ig h  b r e a k d o w n  e le c tr ic  
f ie ld .  O n  th e  o th e r  h a n d , g ro u p  (b ) d ie le c tr ic  m a te r ia ls  h a v e  a la r g e  d ie le c tr ic  
c o n s ta n t  an d  lo w  b r e a k d o w n  e le c tr ic  f ie ld . A  su r v e y  o f  th e  in su la to r s  th a t h a v e  b e e n  
te s te d  fo r  th in  f i lm  E L  d e v ic e s  r e v e a ls  th at, as th e  d ie le c tr ic  c o n s ta n t  in c r e a se s , th e  
e le c tr ic  f ie ld  s tre n g th  d e c r e a s e s . B e c a u s e  th e s e  p r o p e r t ie s  are u s u a lly  in v e r s e ly  
p r o p o r t io n a l to  o n e  an oth er , H o w a r d  in tr o d u c e d  a f ig u r e  o f  m e r it  fo r  in su la to r  
m a te r ia ls  [2 9 ] .  T h e  f ig u r e  o f  m e r it  is  s im p ly  th e  p r o d u c t o f  th e  d ie le c tr ic  co n sta n t  
an d  th e  e le c tr ic  f ie ld  stre n g th  o f  th e  in su la to r . F ig u r e s  o f  m e r it  fo r  s e v e r a l in su la to r s  
h a v e  b e e n  ta b u la te d  a n d  a  r a n g e  o f  2 - 2 5  |iC  c m ' h a s  b e e n  r e p o r te d  [3 0 ,3 1 ] .  T a b le
2 .1  l is t s  s e v e r a l in s u la t in g  m a te r ia ls  u s e d  in  th in  f i lm  E L  d e v ic e s  in c lu d in g  th e
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d ie le c tr ic  c o n sta n t , th e  e le c tr ic  f ie ld  b r e a k d o w n  s tren g th , th e  f ig u r e  o f  m er it, an d  th e  
b r e a k d o w n  m o d e  o f  th e  m a te r ia l. U n fo r tu n a te ly , th e  h ig h  d ie le c tr ic  co n sta n t  
in su la to r s  (S r T i0 3 , B a T i0 3  an d  P b T iO s)  th a t h a v e  y ie ld e d  th e  h ig h e s t  f ig u r e s  o f  
m er it  ( 1 9 -2 5  C  c m '1) ,  e x h ib it  ‘p r o p a g a tin g  b r e a k d o w n .’ In  t h e s e  m a te r ia ls , w h e n  
b r e a k d o w n  in it ia te s  it  c a ta s tr o p h ic a lly  sp re a d s  an d  d e s tr o y s  th e  d e v ic e . L o w e r  
d ie le c tr ic  c o n s ta n t  in su la to r s  (A I 2 O 3 , S i 3N 4 , B a T a 2 0 6, . . . )  th a t h a v e  lo w e r  f ig u r e s  o f  
m er it  (3 -7  C  c m '1) h a v e  p r o v e n  to  b e  m o r e  p r a c t ic a l fo r  E L  d e v ic e s .  T h e s e  m a te r ia ls  
h a v e  s o - c a l le d  ‘s e l f - h e a l in g ’ b r e a k d o w n  w h ic h  in h e r e n t ly  is o la te s  th e  lo c a liz e d  
b r e a k d o w n  an d  p r e v e n ts  c a ta s tr o p h ic  b r e a k d o w n . G e n e r a lly , d ie le c tr ic  th in  f ilm s  
w ith  la r g e  d ie le c tr ic  c o n s ta n ts  te n d  to  h a v e  a p r o p a g a tin g  b r e a k d o w n  m o d e . C o u p le d  
w ith  o th e r  d ie le c tr ic  th in  f i lm s , in s u la t in g  la y e r s  w ith  th e  p r o p a g a tin g  b re a k d o w n  
m o d e  c a n  b e  c o n v e r te d  in to  th e  s e lf - h e a l in g  ty p e .
Table 2.1: In su la to r s  an d  p r o p e r tie s
M a te r ia l R e la t iv e  d ie le c tr ic  
c o n sta n t  ( s r)
D ie le c tr ic  
b r e a k d o w n  stre n g th  
( M V  c m '1)
F ig u r e  o f  m er it  
( |jC  c m '2)
B r e a k d o w n
m o d e
T i 0 2 6 0 0 . 2 1 P ro p a g a tin g
S i 0 2 4 -6 6 -7 2 - 4 S e l f  H e a lin g
S m 2 0 3 15 2 -4 3 -5 S e l f  H e a lin g
y 2 o 3 1 2 3 -5 3 -5 S e l f  H e a lin g
A 1203 8 5 -8 3 .5 -6 S e l f  H e a lin g
T a 2 0 5 2 3 - 2 5 1 .5 -3 3 -7 S e l f  H e a lin g
B aT iC >3 14 3 .3 4 S e l f  H e a lin g
S i 3N 4 8 6 - 8 4 -6 S e l f  H e a lin g
B a T a 2 0 6 2 2 3 .5 7 S e l f  H e a lin g
P b T i 0 3 1 5 0 0 .5 7 P ro p a g a tin g
T a 2 0 5 - T i0 2 2 0 7 1 2 S e l f  H e a lin g
S r T i 0 3 1 4 0 1 .5 -2 1 9 -2 5 P ro p a g a tin g
S r(Z r, T i ) 0 3 1 0 0 3 2 6 P ro p a g a tin g
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2.6.5 Phosphor Layers
A ll  p h o sp h o r s  c o n s is t  o f  a  h o s t  m a te r ia l an d  a l ig h t -e m itt in g  d o p a n t c a l le d  an  
a c t iv a to r  o r  a  lu m in e s c e n t  cen ter . T h e  c la s s ic a l  th in  f i lm  E L  p h o s p h o r  u s e s  Z n S  for  
th e  h o s t  m a te r ia l a n d  th e  M n  a to m  fo r  th e  l ig h t  e m it t in g  d o p a n t. T a b le  2 .2  
s u m m a r ise s  s o m e  o f  th e  th in  f i lm  E L  p h o sp h o r  m a te r ia ls  an d  th e ir  c o lo u r s .
Table 2 .2 :  T h in  f i lm  E L  p h o sp h o r  m a te r ia ls
P h o s p h o r  m a te r ia l C o lo u r
Z n S :M n Y e l lo w
Z n S :D y F 3 Y e l lo w
Z n S :T b G r ee n
Z n S :T b O F G reen
Z n S :T b F G r ee n
Z n S :H o F 3 G r ee n
Z n S :E e F 3 G r ee n
Z n 2 S i 0 4 :M n G r ee n
Z n S :S m ,F R e d
Z n S :S m ,P R e d
Z n S :S m ,C l R ed
C a S :E u R e d
C a S :E u ,F ,C u ,B r R e d
Z n S :T m B lu e
S r S :C e ,F B lu e
C aG a2S 4:C e B lu e
S r S :C e ,M n ,C l B lu e -g r e e n
S r S :C e B lu e -g r e e n
Z n S :P r ,F W h ite
Z n S :P r ,K W h ite
S r S :C e ,K ,E u W h ite
C a S :C e ,K ,E u W h ite
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T h e  r e q u ir e m e n ts  fo r  p h o sp h o r  h o s t  m a te r ia ls  an d  lu m in e s c e n t  c e n te r s  (a c tiv a to rs)  
are d is c u s s e d  b e lo w :
2.6.5.1 Host materials
In  o rd er  to  b e  an  e f f ic ie n t  th in  f ilm  E L  p h o sp h o r , th e  h o s t  m a te r ia l sh o u ld  h a v e  th e  
b e s t  p o s s ib le  c r y s ta llin e  o rd er to  a l lo w  e le c tr o n  a c c e le r a t io n  to  a k in e t ic  e n e r g y  
s u ff ic ie n t  fo r  im p a c t  e x c ita t io n . T h e  r e q u ir e m e n ts  fo r  th e  p h o sp h o r  h o s t  m a te r ia ls  are 
as fo llo w s :
(i)  t h e y  s h o u ld  h a v e  a la r g e  e n o u g h  b a n d  gap  to  e m it  v i s ib le  l ig h t  fr o m  th e  d o p e d  
lu m in e s c e n t  c e n te r s  w ith o u t  s ig n if ic a n t  a b so rp tio n ,
( i i )  th e y  m u s t  h o ld  a  h ig h  e le c tr ic  f ie ld  o f  th e  o rd er  o f  1 0 8 V /m  w ith o u t  e le c tr ic  
b r e a k d o w n ,
( i i i )  th e y  m u s t  w ith s ta n d  a p o s t  a n n e a lin g  tem p e ra tu r e  o f  5 5 0 °C .
P h o s p h o r  h o s t  m a te r ia ls  s a t is fy in g  th e  a b o v e  r e q u ir e m e n ts  are l im ite d  to  II-V I  
c o m p o u n d s , s u c h  as I lb -V Ib  c o m p o u n d s , s u c h  as Z n S  an d  Z n S e , and I la -V Ib  
c o m p o u n d s , s u c h  as C a S , S rS , a n d  S rS e .
2.6.5.2 Luminescent centers
In  o rd er  fo r  th e  lu m in e s c e n t  c e n te r  (a c t iv a to r )  a to m s to  e m it  l ig h t  e f f ic ie n t ly ,  th e y  
s h o u ld  b e  in c o r p o r a te d  in to  a  su b s t itu t io n a l la t t ic e  s ite , o th e r w is e  th e  e x c it e d  cen ter  
w il l  lo s e  its  e n e r g y  n o n -r a d ia t iv e ly  to  a n e a r b y  la t t ic e  d e fe c t .  L u m in e s c e n t  cen ters  
m u st  s a t is f y  th e  f o l lo w in g  re q u ir em en ts :
( i)  th e y  m u s t  b e  p r o p e r ly  in c o r p o r a te d  in to  h o s t  m a te r ia ls  an d  e m it  v i s ib le  lig h t,
( i i )  th e y  m u s t  h a v e  a la r g e  c r o s s  s e c t io n  fo r  th e  im p a c t  e x c ita t io n ,
o
( i i i )  th e y  m u s t  b e  s ta b le  in  th e  h ig h  e le c tr ic  f ie ld  o f  th e  o rd er  o f  1 0  V /m .
L u m in e s c e n t  c e n te r s  fo u n d  to  b e  su ita b le , s a t is fy in g  th e  a b o v e  r e q u ir e m e n ts  are th e  
tr a n s it io n  m e ta ls  su c h  as M n  a n d  rare earth  e le m e n ts  s u c h  as T b , S m , T m , E u  an d  C e.
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2.7 Reliability of Thin Film EL Devices
In  c o n s id e r in g  th e  r e lia b il i ty  o f  th in  f i lm  E L  d e v ic e s ,  th r ee  im p o r ta n t fa c to r s  m u st  b e  
ta k e n  in to  a cc o u n t:
( i)  e le c tr ic a l  r e lia b il i ty  w ith  r e sp e c t  to  e le c tr ic  b r e a k d o w n ,
( i i )  lo n g - t im e  r e lia b il i ty  , an d
( i i i )  s h if ts  in  lu m in a n c e -v o lta g e  (L -V )  c h a r a c te r is tic  c u r v e  w it h  o p era tio n .
E le c tr ic a l b r e a k d o w n  p r o p e r tie s  d e p e n d  s tr o n g ly  o n  th e  e le c tr ic a l  p r o p e r t ie s  o f  th e  
in s u la t in g  la y e r  m a te r ia ls  an d  th e  th in  f i lm  fa b r ic a t io n  p r o c e s s e s .  F o r  lo n g -t im e  
r e lia b ili ty , th e  h y g r o s c o p ic ,  a d h e s iv e  a n d  p h o to lith o g r a p h ic  r e s is ta n t  p ro p er tie s  o f  
p h o sp h o r  la y e r  an d  d ie le c tr ic  la y e r  m a te r ia ls  m u s t  b e  ta k e n  in to  a c c o u n t , an d  p ro p er  
c h o ic e s  o f  p a s s iv a t io n  an d  s e a lin g  m a te r ia ls  are e s s e n tia l.  S h if t s  in  lu m in a n c e -v o lta g e  
(L -V )  c h a r a c te r is t ic s  c u r v e  w ith  o p e r a tio n  t im e  are n o t  su ita b le  b e c a u s e  th e y  r e su lt  in  
lu m in a n c e  d e ter io r a t io n . It h a s  b e c o m e  p o s s ib le  to  o b ta in  E L  d e v ic e s  [3 2 ]  w ith  n o  
s h if ts  in  L -V  c h a r a c te r is t ic s  c u r v e  w it h  p ro p er  c h o ic e s  o f  th e  in su la t in g  la y e r  
stru ctu re  an d  c r y s ta ll in ity  c o n tr o l o f  th e  p h o sp h o r  la y e r  f i lm s . In  a d d it io n , e f f e c ts  o f  
v a r io u s  s tr e s s e s  o n  th e  p e r fo r m a n c e  o f  E L  p a n e ls  an d  d is p la y  u n its  sh o u ld  b e  
c o n s id e r e d  [3 3 ] .
2.8 Advantages of Thin Film EL Displays Compared to Other Displays
W ith  a d v a n c e  o f  d is p la y  t e c h n o lo g y , th e  f o l lo w in g  ty p e s  o f  f la t-p a n e l d is p la y s  ca n  b e  
l is te d :
( i) E le c tr o lu m in e s c e n t  d is p la y s ,
( i i) C a th o d o lu m in e s c e n t  d is p la y s ,
( i i i ) C a th o d e  R a y  T u b e  d is p la y s ,
( iv ) V a c u u m  F lu o r e s c e n t  d is p la y s ,
(V) P la s m a  d isp la y s ,
(Vi) L ig h t  E m itt in g  D io d e  d is p la y s ,
( v i i ) L iq u id  C ry sta l d isp la y s ,
( v i i i ) E le c tr o c h r o m ic  d is p la y s , an d
( ix ) E le c tr o p h o r e tic  d isp la y s .
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In  c o m p a r is o n  w ith  o th e r  f la t-p a n e l d is p la y  t e c h n o lo g ie s ,  th in  f ilm  
e le c tr o lu m in e s c e n c e  p o s s e s s e s  m a n y  im p o r ta n t fea tu r es , s u c h  a s , e x c e l le n t  v isu a l  
c h a r a c te r is t ic s , a  r u g g e d  an d  c o m p a c t  d e v ic e  w ith  a  s im p le  m u lt ic o lo u r  d isp la y  
stru ctu re. T h in  f i lm  E L  d is p la y s  h a v e  th e  f o l lo w in g  a d v a n ta g es:
( i)  a n  e m is s iv e  d is p la y  w ith  la r g e  v ie w in g  a n g le  an d  g o o d  co n tra st ,
( i i)  g o o d  r e s o lu t io n , h ig h e r  th a n  8 l in e s /m m  [3 4 ] ,
( i i i )  tem p e ra tu r e  in d e p e n d e n t  e m is s io n  an d  su ita b le  fo r  a u to m o tiv e  eq u ip m en t
u s e d  u n d e r  v e r y  s e v e r e  tem p e ra tu r e  r e q u ir e m e n ts ,
( iv )  r u g g e d  an d  v ib r a t io n  r e s is ta n t  d u e  to  a ll  s o l id  d e v ic e s  an d  su ita b le  for  
p e r s o n a l c o m p u te r s  u s e d  u n d er  v e r y  s e v e r e  v ib r a t io n a l c o n d it io n s ,  su c h  as, in  
m ilita r y  e q u ip m e n t  or sp a c e c r a ft ,
(v )  fa s t  w it h  g o o d  lu m in o u s  e f f ic ie n c y ,
(v i)  in h e r e n t ly  e a s y  to  p r o d u c e ,
( v i i )  h a s  lo n g  l i f e ,
( v i i i )  a  r e la t iv e ly  s im p le  stru ctu re, th ic k n e s s  o f  le s s  th a n  3 0  m m  a n d  w e ig h t  o f  le s s  
th a n  7 0 0  g m  [3 4 ] ,  an d
( ix )  lo w e s t  p o w e r  c o n s u m p tio n  c o m p a r e d  to  o th er  e m is s iv e  f la t -p a n e l d isp la y s .
2.9 Conclusions
In th is  ch a p te r , th e  d e v ic e  stru ctu re, th e  d e v ic e  p h y s ic s  a n d  th e  m a te r ia l p ro p er tie s  o f  
th in  f ilm  e le c tr o lu m in e s c e n t  d is p la y s  are r e v ie w e d . T h e  c o n v e n t io n a l an d  in v er te d  
stru ctu res th a t are c o m m o n ly  u s e d  e a c h  e m p lo y  th e  m e ta l- in su la to r -se m ic o n d u c to r -  
in s u la to r -m e ta l (M IS IM ) m u lt ila y e r  stru ctu re. E a c h  th in  f i lm  la y e r  h a s  u n iq u e  
e le c tr ic a l  an d  o p t ic a l  p r o p e r t ie s  th a t m u s t  b e  s a t is f ie d  fo r  o p tim u m  d e v ic e  
p e r fo r m a n c e . T h e  m e ta l la y e r s  are th e  e le c tr o d e s  w h ic h  s im p ly  m a k e  c o n ta c t  to  th e  
d r iv e  e le c tr o n ic s ,  th e r e fo r e  th e  e le c tr ic a l r e q u ir e m e n ts  o f  b o th  e le c tr o d e s  are n o t  
u n iq u e . O n e  o f  th e  e le c tr o d e s  m u s t  b e  tra n sp a ren t to  v is ib le  lig h t  s o  th e  d is p la y  ca n  
b e  v ie w e d  an d  th e  o th e r  m u s t  s a t is f y  r e f le c t iv i ty  is s u e s  so  th e  co n tra st  is  n o t  
c o m p r o m is e d . T h e  d ie le c tr ic  p r o p e r t ie s  o f  th e  in su la t in g  la y e r  are im p o r ta n t b e c a u se  
it  i s  n e c e s s a r y  to  m a x im is e  th e  e le c tr ic  f ie ld  e x p e r ie n c e d  b y  th e  p h o s p h o r  la y er , and  
th e  b r e a k d o w n  m o d e  is  c r u c ia l fo r  th e  d e v ic e  r e lia b il i ty  an d  l if e t im e . T h e  f in a l la y er  
c o n s id e r e d  w a s  th e  s e m ic o n d u c t in g  (p h o sp h o r )  la y e r . T h e  e le c tr o n  in je c t io n  an d  th e
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e le c tr o n  a c c e le r a t io n  p h e n o m e n a  are b o th  d e p e n d e n t  o n  th e  b a n d  stru ctu re  o f  th e  
p h o sp h o r  la y e r . In  a d d it io n , th e  e x c ita t io n  a n d  d e -e x c ita t io n  m e c h a n is m s  are 
d e p e n d e n t  o n  th e  p h o sp h o r  lu m in e s c e n t  ce n te r .
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Chapter 3
D E P O S IT IO N  T E C H N O L O G Y  O F T H IN  F IL M S
3.1 Introduction
F r o m  th e  ty p ic a l  d e v ic e  stru ctu res o f  th e  c o n v e n t io n a l a n d  in v e r te d  th in  f i lm  
e le c tr o lu m in e s c e n t  d e v ic e s  as s h o w n  in  f ig . 1.1 an d  1 .2 , w e  c a n  s e e  th a t b o th  th e  
d e v ic e s  c o n s is t  o f  th e  f o l lo w in g  la y e r s  o f  th in  f i lm  d e p o s ite d  o n  to p  o f  e a c h  other:
(a ) in s u la t in g  la y er ,
(b ) tra n sp a ren t c o n d u c t in g  la y e r , an d
(c )  p h o sp h o r  layer .
T h in  f i lm s  o f  in s u la t in g  la y e r , tra n sp a ren t c o n d u c t in g  la y e r  an d  p h o sp h o r  la y e r s  ca n  
b e  d e p o s it e d  b y  v a r io u s  d e p o s it io n  te c h n iq u e s . E a c h  o f  th e  d e p o s it io n  t e c h n o lo g y  h a s  
its  o w n  a d v a n ta g e s  a n d  d is a d v a n ta g e s  o v e r  e a c h  o th er . In  m o s t  o f  th e  c a s e s ,  
e s p e c ia l ly  fo r  th in  f i lm  e le c tr o lu m in e s c e n t  d is p la y s , th e  d e s ir e d  m a ter ia l 
c h a r a c te r is t ic s  o f  th e  d e p o s ite d  f i lm s  are th e  d e c is iv e  fa c to r  fo r  th e  s e le c t io n  o f  a  
p refe rre d  d e p o s it io n  t e c h n o lo g y .
3.2 Classification of deposition technologies
T h e r e  are m a n y  ty p e s  o f  d e p o s it io n  t e c h n o lo g ie s  fo r  th in  f i lm  fo r m a tio n  [ 3 5 -3 8 ]  in  
p r a c t ic a l a p p lic a t io n . S in c e  th e  c o n c e r n  h e r e  is  w it h  th in  f i lm  d e p o s it io n  m e th o d s  for  
fo r m in g  la y e r s  in  th e  th ic k n e s s  r a n g e  o f  a  f e w  n a n o m e te r s  to  a b o u t te n  m ic r o m e te r s ,  
th e  ta sk  o f  c la s s i f y in g  th e  t e c h n o lo g ie s  is  m a d e  s im p le r  b y  l im it in g  th e  n u m b e r  o f  
t e c h n o lo g ie s  to  b e  c o n s id e r e d .
B a s ic a l ly ,  th in  f i lm  d e p o s it io n  t e c h n o lo g ie s  c a n  b e  c la s s if ie d  in to  l iq u id  p h a se  and  
v a p o u r  p h a se . L iq u id  p h a s e  o f  d e p o s it io n  t e c h n o lo g y  c o n s is t s  o f  s o l - g e l  d e p o s it io n  
an d  sp r a y  p y r o ly s is .  V a p o u r  p h a s e  m a y  b e  e ith e r  p u r e ly  p h y s ic a l ,  s u c h  as e v a p o r a tiv e  
m e th o d s  o r  p u r e ly  c h e m ic a l,  s u c h  as c h e m ic a l v a p o u r  d e p o s it io n  p r o c e s s . A  
c o n s id e r a b le  n u m b e r  o f  p r o c e s s e s  th a t are b a s e d  o n  g lo w  d is c h a r g e s  an d  r e a c t iv e
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sp u tte r in g  c o m b in e  b o th  p h y s ic a l  an d  c h e m ic a l r e a c t io n s ;  th e s e  o v e r la p p in g  p r o c e s s  
ca n  b e  c a te g o r iz e d  as p h y s ic a l- c h e m ic a l  m e th o d s .
A  b r ie f  d e sc r ip t io n  o f  th e  p r in c ip le s , sa lie n t  fea tu r es  an d  a p p lic a t io n s  o f  so m e  
im p o r ta n t t e c h n o lo g ie s  fo r  th in  f i lm  d e p o s it io n  are g iv e n  b e lo w :
3 .2 .1  Liquid P h a s e
3 .2.1.1 Sol-gel Process
In  th e  s o l - g e l  p r o c e s s ,  f i lm  fo r m a tio n  ta k e s  p la c e  b y  e v a p o r a t io n  o f  th e  so lv e n t  fro m  
a p o ly m e r  so lu t io n . T h e  su b stra te  is  d ip p e d  in to  th e  p o ly m e r  s o lu t io n , ta k e n  o u t at a 
c o n s ta n t  s p e e d  and d r ie d  b y  a l lo w in g  th e  s o lv e n t  to  ev a p o r a te , le a v in g  b e h in d  a  s o lid  
p o ly m e r  f i lm  o n  th e  su b stra te . T h e  th ic k n e s s  o f  th e  c o a t in g  d e p e n d s  o n  th e  v is c o s i t y  
o f  th e  s o lu t io n , th e  ra te o f  th e  s o lv e n t  e v a p o r a t io n  an d  th e  s p e e d  a n d  a n g le  at w h ic h
o
th e  su b stra te  is  ta k e n  o u t. F ilm s  o f  th ic k n e s s  as sm a ll as 5 0 - 1 0 0  A m a y  b e  d e p o s ite d  
b y  u s in g  v e r y  d ilu te  a n d  lo w - v i s c o s i t y  s o lu t io n s . F i lm s  m a y  a lso  b e  fo r m e d  b y  
sp in n in g  th e  s o lu t io n  o n  a r o ta t in g  su b stra te . T h is  g iv e s  r is e  to  m o r e  u n ifo r m  f ilm s .  
S o l- g e l  p r o c e s s  h a s  th e  a d v a n ta g e s  o f  c o a t in g  o n  th e  d e s ir e d  sh a p e  an d  area, e a s y  
c o n tr o l o f  th e  d o p in g  le v e l ,  s o lu t io n  c o n c e n tr a tio n  an d  h o m o g e n e ity  w ith o u t  u s in g  
e x p e n s iv e  a n d  c o m p lic a te d  e q u ip m e n t. T h is  te c h n iq u e  h a s  b e e n  c o m m e r c ia l ly  u se d  
fo r  th e  d e p o s it io n  o f  f i lm s  o n  th e  su b stra te  o f  la r g e  area  (a b o u t  1 0 -1 2  m  ) fo r  a  
m u lt itu d e  o f  a p p lic a t io n s  [3 9 ] ,
3 .2 .1 .2  Spray Pyrolysis
S p r a y  p y r o ly s is  in v o lv e s  sp r a y in g  o f  so lu t io n , u s u a lly  a q u e o u s , c o n ta in in g  so lu b le  
sa lts  o f  th e  c o n s t itu e n t  a to m s  o f  th e  d e s ir e d  c o m p o u n d s  o n to  th e  h e a te d  su b stra tes . A  
la r g e  n u m b e r  o f  m e t a l l ic  sa lt  s o lu t io n s  w h e n  sp ra y e d  o n to  a h o t  su b stra te  d e c o m p o s e  
to  y ie ld  o x id e  f i lm s . S im ila r ly  f i lm s  o f  s u lf id e s  an d  s e le n id e s  c a n  b e  p rep ared  b y  
p y r o ly t ic  d e c o m p o s it io n  o f  a  s o l id  c o m p le x  c o m p o u n d  fo r m e d  o n  th e  su r fa ce  o f  a 
su b stra te  b y  sp r a y in g  a m ix e d  s o lu t io n  o f  th e  c o r r e sp o n d in g  m e t a l l ic  sa lt and a 
su lp h u r /se le n iu m -b e a r in g  c o m p o u n d . F o r  e x a m p le , C d C l2  a n d  ( N H ^ C S  (th io u rea )  
s o lu t io n s  w h e n  m ix e d  at r o o m  tem p e ra tu r e  d o  n o t  re a c t  to  fo r m  C d S  (p r o v id e d  th e  
s o lu t io n  is  n o t  d e lib e r a te ly  m a d e  a lk a lin e ) . B u t  w h e n  sp r a y e d  o n to  a  su b stra te  h e ld  at
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~ 4 0 0 ° C , a  s o l id  c o m p le x  o f  c o m p o s it io n  C d C l2  th io u r e a  is  fo r m e d , w h ic h  
d e c o m p o s e s  o n  th e  su b stra te  to  y ie ld  C d S  f i lm s  [4 0 ] .
T h e  a to m iz a t io n  o f  th e  c h e m ic a l  s o lu t io n  in to  a  sp r a y  o f  f in e  d ro p le ts  is  e f f e c te d  b y  
th e  sp ra y  n o z z le  w ith  th e  h e lp  o f  a  f ilte r e d  carrier g a s  w h ic h  m a y  o r  m a y  n o t  b e  
in v o lv e d  in  th e  p y r o ly t ic  re a c t io n . T h e  carrier g a s  an d  th e  s o lu t io n  are  fe d  in to  th e  
sp ra y  n o z z le  at p r e d e te r m in e d  an d  c o n sta n t  p r e s su r e  an d  f lo w  ra tes. T h e  su b stra te  
tem p e ra tu r e  is  m a in ta in e d  w ith  th e  h e lp  o f  a fe e d b a c k  c ir c u it  w h ic h  c o n tr o ls  a  
p rim a ry  an d  an  a u x ilia r y  h e a te r  p o w e r  su p p ly . L a r g e -a r e a  u n ifo r m  c o v e r a g e  o f  th e  
su b stra te  is  e f f e c te d  b y  s c a n n in g  e ith e r  o r  b o th  th e  sp r a y  h e a d  an d  th e  su b strate , 
e m p lo y in g  m e c h a n ic a l o r  e le c tr o m e c h a n ic a l a r r a n g e m en ts .
T h e  g e o m e tr y  o f  th e  g a s  an d  th e  l iq u id  n o z z le  s tr o n g ly  d e te r m in e s  th e  sp ra y  pattern , 
s iz e  d is tr ib u tio n  o f  d r o p le ts  an d  sp ra y  rate , w h ic h  in  tu rn  d e te r m in e  th e  g r o w th  
k in e t ic s  an d  h e n c e  th e  q u a lity  o f  th e  f i lm s  o b ta in ed .
D o p e d  an d  m ix e d  f i lm s  c a n  b e  p rep a red  v e r y  e a s ily , s im p ly  b y  a d d in g  to  th e  sp ray  
s o lu t io n  a s o lu b le  sa lt  o f  th e  d e s ir e d  d o p a n t or im p u r ity . T w o  v e r y  im p o rta n t  
e x a m p le s  o f  th e  m a te r ia ls  d e p o s ite d  b y  th is  te c h n iq u e  fo r  d e v ic e  fa b r ic a t io n s  are (1 )  
C d S  fo r  so la r  c e l ls  an d  (2 )  In F -o r  S b -d o p e d  SnC>2 fo r  c o n d u c t in g  g la ss .
B y  sp r a y  p y r o ly s is ,  f i lm s  c a n  b e  d e p o s ite d  o n  la r g e  su b stra te  e a s ily ,  b u t th e  f i lm s  are 
n o t  v e r y  u n ifo r m , u n lik e  th e  s o l - g e l  p r o c e s s .
3.2.2 Vapour Phase
3.2.2.1 Chemical Vapour Deposition
T h e  g r o w th  o f  th in  f i lm s  b y  c h e m ic a l  v a p o u r  d e p o s it io n  (C V D )  h a s  b e c o m e  o n e  o f  
th e  m o s t  im p o r ta n t m e th o d s  o f  f i lm  fo r m a tio n  an d  n o w  c o n s t itu te s  a c o m e r  s to n e  for  
m o d e m  te c h n o lo g ie s  s u c h  as so lid -s ta te  e le c tr o n ic s . T h e  r e a so n s  fo r  th e  ra p id ly  
g r o w in g  im p o r ta n c e  o f  C V D  in  th e  p a s t  d e c a d e  l ie  p r im a r ily  in  its  v e r s a t il ity  for  
d e p o s it in g  a  v e r y  la r g e  v a r ie ty  o f  e le m e n ts  an d  c o m p o u n d s  at r e la t iv e ly  lo w  
tem p e ra tu r es , in  th e  fo r m  o f  b o th  v itr e o u s  an d  c r y s ta llin e  la y e r s  h a v in g  a h ig h  d e g r e e  
o f  p e r fe c t io n  an d  p u r ity .
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C h e m ic a l v a p o u r  d e p o s it io n  te c h n iq u e s  are v a p o u r  d e p o s it io n  te c h n iq u e s  b a s e d  o n  
h o m o g e n e o u s  a n d /o r  h e te r o g e n e o u s  c h e m ic a l  r e a c t io n s . T h e s e  p r o c e s s e s  e m p lo y  
v a r io u s  g a s e o u s ,  l iq u id  an d  s o l id  c h e m ic a ls  a s s o u r c e s  o f  th e  e le m e n ts  o f  w h ic h  th e  
f i lm  is  to  b e  m a d e . T h e  f o l lo w in g  c h e m ic a l  v a p o u r  d e p o s it io n  p r o c e s s e s  are u s e d  in  
p r a c t ic e  [4 1 ]:
i) Thermally activated CVD: T h e r m a lly  a c t iv a te d  C V D  p r o c e s s e s  are in it ia te d  o n ly  
w ith  th e rm a l e n e r g y  (r e s is ta n c e  h e a t in g , R F  h e a t in g  o r  b y  in fra red  ra d ia tio n ). T h e y  
are u s u a lly  p e r fo r m e d  at n o r m a l o r  lo w  p ressu r e  d o w n  to  u ltr a lo w  p ressu re . T h e  
s o u r c e s  are in o r g a n ic .
ii) Metalorganic CVD (MOCVD): M O C V D  is  a lso  a  th e rm a l C V D  p r o c e s s  b u t  
s o u r c e s  are m e ta lo r g a n ic  g a s e s  or l iq u id s . W ith  th e  a v a ila b il i ty  o f  p u r e  m e ta lo r g a n ic  
p r e c u r so r s , th e ir  u s e  o f fe r s  s ig n if ic a n t  a d v a n ta g e s  in  th e  p r a c t ic a l a sp e c ts  o f  
d e liv e r in g  th e  re a c ta n ts  to  th e  su b stra te  su r fa ce . M O C V D  is  u s u a l ly  a p p lie d  for  
e p ita x ia l  g r o w th  o f  I I -V I  a n d  I I I -V  s e m ic o n d u c t in g  an d  fo r  h ig h -T c su p e r c o n d u c tin g  
f i lm s . In  a d d it io n , d ie le c tr ic  a n d  m e ta l l ic  f i lm s  c a n  b e  p rep a re d  u s in g  M O C V D .
iii) Plasma-enhanced CVD (PECVD): P E C V D  u s e s  a p la s m a  to  io n iz e  and  
d is s o c ia te  g a s e s . T h is  c a n  e n h a n c e  th e  g r o w th  rate , a l lo w in g  d e p o s it io n  p r o c e s s e s  at 
m u c h  lo w e r  tem p e ra tu r es  th a n  in  th e rm a l C V D . P E C V D  h a s  s e v e r a l fea tu r es  in  
c o m m o n  w ith  lo w -p r e s s u r e  C V D , su c h  as th e  p r e s su r e  r a n g e , so u r c e s  an d  f i lm s  to  b e  
d e p o s ite d .
iv) Photo-assisted CVD: P h o to -a s s is t e d  C V D  u s e s  lig h t  to  e n h a n c e  th e  r e a c t io n  rate. 
T h e  e f f e c t  o f  th e  r a d ia t io n  is  e ith e r  a lo c a l  h e a t in g  o f  th e  w a fe r  o r  a  p h o to c h e m ic a l  
r e a c t io n . In  th e  la s t  c a s e  th e  re a c ta n t g a s e s  u n d er g o  p h o to  ly t ic  r e a c t io n s .
vi) Atomic layer epitaxy (ALE): A to m ic  la y e r  e p ita x y  i s  a  r e la t iv e ly  n e w  a p p roach  
to  th in  f i lm  fa b r ic a t io n  te c h n iq u e s . In  A L E  th e  re a c ta n ts  are s u p p lie d  o n to  th e  
g r o w in g  su r fa c e  s e q u e n t ia lly , o n e  at a t im e . A t  e a c h  s e q u e n c e  th e  su r fa c e  is  
sa tu ra ted , r e s u lt in g  in  th e  fo r m a tio n  o f  o n e  m o n o la y e r . T h e  d e s ir e d  th ic k n e s s  o f  a 
th in  f i lm  c a n  b e  r e a liz e d  b y  c o u n t in g  th e  n u m b e r  o f  r e a c t io n  s e q u e n c e s  in  th e
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p r o c e s s .  It i s  u s e d  to  d e p o s it  th in  f i lm s  o f  I I -V I  an d  I I I -V  m a te r ia ls , b u t a lso  o f  
e le m e n ta l s e m ic o n d u c to r s , o x id e s ,  n itr id e s  an d  s u lp h id e s . T h e  s o u r c e s  are th e  sa m e  
as in  C V D  an d  M O C V D .
T h e  c h e m ic a l p r o c e s s e s  u s e d  in  C V D  o f  th in  f i lm s  c a n  b e  c la s s if ie d  in to  th e  
f o l lo w in g  ty p e s  o f  r e a c t io n s  [4 1 ]:
i)  th e rm a l d e c o m p o s it io n  (p y r o ly s is ) ,
i i)  r e d u c tio n ,
i i i )  o x id a t io n ,
iv )  h y d r o ly s is ,
v )  n itr id a tio n ,
v i )  c h e m ic a l  tran sp ort
v i i )  d isp r o p o r tio n a tio n
v i i i )  c a ta ly s is ,
ix )  s y n th e s is ,
x )  p h o t o ly s is ,  an d
x i )  c o m b in e d  r e a c t io n s .
T h e  m a jo r  a d v a n ta g e s  o f  th e  C V D  te c h n iq u e s  are as fo l lo w s :
i) in  g e n e r a l, o n ly  lo w - v a c u u m  fa c i l i t ie s  are re q u ir ed  an d , th u s , a  r e la t iv e ly  s im p le  se t  
up  an d  fa s t  r e c y c l in g  are p o s s ib le ;
ii)  h ig h  (~ 1  (am /m in ) d e p o s it io n  ra te s  are p o s s ib le ;
i i i )  it  is  p o s s ib le  to  d e p o s it  c o m p o u n d s  w ith  e a s i ly  c o n tr o lle d  s to ic h io m e tr y ;
iv )  it  is  r e la t iv e ly  e a s y  to  d o p e  th e  d e p o s it s  w ith  c o n tr o lle d  a m o u n ts  o f  im p u r itie s;
v )  it  is  p o s s ib le  to  d e p o s it  m u lt ic o m p o n e n t  a llo y s ;
v i)  re fr a c to r y  m a te r ia ls  c a n  b e  d e p o s ite d  at r e la t iv e ly  lo w e r  tem p e ra tu r es  as 
c o m p a r e d  to  v a c u u m  ev a p o r a tio n ;
v i i )  e p ita x ia l  la y e rs  o f  h ig h  p e r fe c t io n  an d  lo w  im p u r ity  c o n te n t  c a n  b e  e a s i ly  g ro w n ;
v i i i )  o b je c ts  o f  c o m p le x  sh a p e s  an d  g e o m e tr ie s  c a n  b e  c o a te d ;  an d
ix )  in  s itu  c h e m ic a l  v a p o u r  e tc h in g  o f  th e  su b stra te s  p r io r  to  d e p o s it io n  i s  p o s s ib le .
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D is a d v a n ta g e s  o f  th e  C V D  te c h n iq u e s  are as fo l lo w s :
i)  th e  g e n e r a lly  c o m p le x  th e r m o d y n a m ic s  an d  k in e t ic s  are p o o r ly  u n d e r sto o d ;
ii)  h ig h e r  su b stra te  tem p e ra tu r es  are r e q u ir ed  th a n  th o s e  in  th e  c o r r e sp o n d in g  P V D  
te c h n iq u e s ;
i i i )  th e  r e a c t iv e  g a s e s  u s e d  fo r  d e p o s it io n  an d  th e  v o la t i le  r e a c t io n  p r o d u c ts  fo rm ed  
are, in  m o s t  c a s e s ,  h ig h ly  to x ic ,  e x p lo s iv e ,  in f la m m a b le  o r  c o r r o s iv e ;
iv )  th e  c o r r o s iv e  v a p o u r s  m a y  a tta ck  th e  su b stra te , th e  d e p o s it e d  f i lm  an d  th e  
m a te r ia ls  o f  th e  d e p o s it io n  se t  up;
v )  th e  c h e m ic a l r e a c t io n s  g e n e r a lly  p r o d u c e  in te r m e d ia te  p ro d u c ts;
v i)  th e  v o la t i le  p r o d u c ts  g e n e r a te d  d u r in g  th e  d e p o s it io n  p r o c e s s  m a y  le a d  to  
in c o r p o r a tio n  o f  im p u r it ie s  in  th e  film ;
v i i )  th e  h ig h  su b stra te  tem p era tu re  m a y  le a d  to  d if fu s io n , a l lo y in g  o r  c h e m ic a l  
r e a c t io n  o n  th e  su b stra te  su r fa ce , th u s  r e s tr ic t in g  th e  c h o ic e  o f  th e  su b stra te ;
v i i i )  h ig h  su b stra te  tem p e ra tu r e  m a y  a ls o  g iv e  r is e  to  s e g r e g a t io n  e f f e c ts  w h e n  
m e ta s ta b le  m u lt ic o m p o n e n t  m a te r ia ls  are b e in g  d e p o s ite d ;
ix )  it is  d if f ic u lt  to  c o n tr o l th e  u n ifo r m ity  o f  th e  d e p o s it ;  an d
x )  m a s k in g  o f  th e  su b stra te  is  g e n e r a lly  d iff ic u lt .
T ra n sp a ren t c o n d u c to r s  an d  d ie le c tr ic  f i lm s  c a n  b e  d e p o s ite d  b y  c h e m ic a l  v a p o u r  
d e p o s it io n  m e th o d . In  C V D , a la r g e  v a c u u m  s y s t e m  is  re q u ir ed  fo r  c o a t in g  o n  la rg e  
su b stra te s , w h ic h  is  r e a l ly  e x p e n s iv e .  B y  th e  s o l - g e l  p r o c e s s ,  la r g e  su b stra te s  ca n  b e  
c o a te d  w ith o u t  u s in g  e x p e n s iv e  an d  c o m p lic a te d  e q u ip m en t.
3.2.2.2 Physical Vapour Deposition
3.2.2.2.1 Sputtering
W h e n  a s o l id  su r fa c e  is  b o m b a r d e d  w ith  e n e r g e t ic  p a r t ic le s  s u c h  as a c c e le r a te d  io n s  
s u r fa c e  a to m s  o f  th e  s o l id  are sc a tte r e d  b a c k w a r d  d u e  to  c o l l i s io n s  b e tw e e n  th e  
su r fa c e  a to m s  an d  th e  e n e r g e t ic  p a r t ic le s . T h is  p h e n o m e n a  i s  c a l le d  “b a c k -  
sp u tte r in g ” or s im p ly  “ sp u tte r in g ” . D if fe r e n t  ty p e s  o f  sp u tte r in g  s y s t e m s  are as  
fo llo w s :
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3.2.2.2.1.1 DC Diode Sputtering
T h e  d c  d io d e  sp u tte r in g  s y s te m  is  c o m p o s e d  o f  a p a ir  o f  p la n a r  e le c tr o d e s . O n e  o f  th e  
e le c tr o d e s  is  a c o ld  c a th o d e  an d  th e  o th e r  is  an  a n o d e . T h e  to p  p la s m a -fa c in g  su rfa ce  
o f  th e  c a th o d e  is  c o v e r e d  w ith  a  ta rg e t m a te r ia l an d  th e  r e v e r se  s id e  is  w a te r -c o o le d .  
T h e  su b stra te s  are p la c e d  o n  th e  a n o d e . W h e n  th e  sp u tte r in g  c h a m b e r  is  k ep t in  A r  
g a s  at 0 .1  T orr an d  se v e r a l k i lo v o lt s  o f  d c  v o lt a g e  w ith  s e r ie s  r e s is ta n c e  o f  1 to  10  k Q  
are a p p lie d  b e t w e e n  th e  e le c tr o d e s , th e  g lo w  d isc h a r g e  i s  in it ia te d . T h e  A r  io n s  in  th e  
g lo w  d is c h a r g e  are a c c e le r a te d  at th e  c a th o d e  fa ll an d  sp u tter  th e  ta rg e t r e su lt in g  in  
th e  d e p o s it io n  o f  th in  f i lm  o n  th e  su b stra te s .
In  th e  d c  d io d e  s y s te m , sp u ttered  p a r t ic le s  c o l l id e  w ith  g a s  m o le c u le s  an d  th en  
e v e n tu a lly  d if fu s e  to  th e  su b stra te  s in c e  th e  g a s  p r e s su r e  is  so  h ig h  an d  th e  m e a n  free  
p a th  o f  th e  sp u tte re d  p a r t ic le s  is  le s s  th a n  th e  e le c tr o d e  s p a c in g . T h e  a m o u n t o f  
sp u tte re d  m a te r ia l d e p o s ite d  o n  a u n it  su b stra te  area  W i s  th e n  g iv e n  b y  [4 2 ] ,
W ^kU/pd  ( 3 .1 )
an d  th e  d e p o s it io n  ra te R is  g iv e n  b y
R=W/t  ( 3 .2 )
w h e r e  A: i s  a co n sta n t , U  i s  th e  a m o u n t o f  sp u ttered  p a r t ic le s  fr o m  th e  u n it  ca th o d e  
area, p  i s  th e  d is c h a r g e  g a s  p r e s su r e , d  i s  th e  e le c tr o d e  s p a c in g , W i s  th e  d e n s ity  o f  
th e  sp u tte r e d  f i lm s  an d  t i s  th e  sp u tter  t im e .
T h e  a m o u n t o f  sp u ttered  p a r t ic le s  fr o m  th e  u n it  c a th o d e  area  U  i s  g iv e n  b y  [4 0 ],
U =  (j+/e)st(A/N) ( 3 .3 )
w h e r e  j+  i s  th e  io n  cu rren t d e n s ity  at th e  c a th o d e , e i s  th e  e le c tr o n  c h a rg e , s is  th e  
sp u tter  y ie ld ,  A is  a to m ic  w e ig h t  o f  sp u tte re d  m a te r ia ls  an d  N  i s  A v o g a d r o ’s n u m b er.
3.2.2.2.1.2 Bias Sputtering
In  b ia s  sp u tte r in g , e le c tr ic  f ie ld s  n ea r  th e  su b stra te  are m o d if ie d  in  o rd er  to  v a ry  th e  
f lu x  an d  e n e r g y  o f  in c id e n t  c h a r g e d  s p e c ie s .  T h is  is  a c h ie v e d  b y  a p p ly in g  e ith er  a 
n e g a t iv e  d c  or R F  b ia s  to  th e  su b stra te . W ith  target v o lt a g e s  o f - 1 0 0 0  to  - 3 0 0 0  V ,  
b ia s  v o lta g e s  o f - 5 0  to  - 3 0 0  V  are ty p ic a l ly  u se d . D u e  to  c h a r g e  e x c h a n g e  p r o c e s s  in  
th e  a n o d e  dark  s p a c e , v e r y  f e w  d isc h a r g e  io n s  str ik e  th e  su b stra te  w ith  fu ll b ia s
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v o lta g e .  R a th er  a b ro a d  lo w  e n e r g y  d is tr ib u tio n  o f  io n s  an d  n e u tr a ls  b o m b a rd  th e  
g r o w in g  f ilm . T h e  te c h n iq u e  h a s  b e e n  u t i l is e d  in  a ll sp u tte r in g  c o n f ig u r a tio n s  (d c , 
R F , m a g n e tr o n  an d  r e a c t iv e )  [4 2 ].
B ia s in g  a d d s e n o r m o u s  f le x ib i l i ty  to  th e  sp u tter  d e p o s it io n  te c h n iq u e ;  a lm o st  an y  
f i lm  p ro p erty  c a n  b e  in f lu e n c e d  b y  th e  b ia s in g  sp u tte r in g  te c h n iq u e , su c h  as 
r e s is t iv ity , h a r d n e ss , r e s id u a l s tr e ss , d ie le c tr ic  p r o p e r t ie s , e tc h  rate, o p tic a l  
r e f le c t iv ity ,  s tep  c o v e r a g e , f i lm  m o r p h o lo g y , d e n s ity  an d  a d h e s io n . T h e  c o n tro l o f  th e  
g a s  c o n te n t  o f  f i lm s  is  a lso  an  im p o r ta n t r o le  o f  b ia s . T h e r e  i s  n o  d o u b t that b y  
c h a n g in g  th e  f lu x  and  e n e r g y  o f  io n s  an d  e le c tr o n s  b o m b a r d in g  th e  su b stra te , m a n y  
o th e r  e f f e c t s  o n  p a ra m eter s  a f fe c t in g  th e  n a tu re  o f  th e  f i lm s  ta k e  p la c e , su c h  as 
th e rm a l e f f e c t s  an d  in f lu e n c e s  o n  th e  n u c le a t io n  an d  g r o w th  s ta g e s  o f  th e  f ilm s .
In  a d d it io n , e n e r g e t ic  p a r t ic le  b o m b a r d m e n t  p r io r  to  and d u r in g  f ilm  fo rm a tio n  and  
g r o w th  p r o m o te s  n u m e r o u s  c h a n g e s  an d  p r o c e s s e s  at a m ic r o s c o p ic  le v e l ,  in c lu d in g  
r e m o v a l o f  c o n ta m in a n ts , a lter a tio n  o f  su r fa c e  c h e m is tr y , e n h a n c e m e n t  o f  n u c le a t io n  
an d  r e n u c le a t io n , h ig h e r  su r fa c e  m o b i l i ty  o f  a d a to m s an d  e le v a te d  f i lm  tem p era tu res  
w ith  a tten d a n t a c c e le r a t io n  o f  a to m ic  r e a c t io n  an d  in te r d if fu s io n  ra tes. F ilm  
p r o p e r t ie s  are th en  m o d if ie d  th r o u g h  r o u g h e n in g  o f  th e  su r fa c e , e l im in a t io n  o f  
in te r fa c ia l v o id s  an d  su b su r fa c e  p o r o s ity , c r e a t io n  o f  a fin e r , m o r e  iso tr o p ic  gra in  
m o r p h o lo g y  an d  e l im in a t io n  o f  c o lu m n a r  g r a in s-in  a w a y  th a t s tr o n g ly  d ra m a tises  
s tru c tu r e -p r o p e r ty  r e la t io n sh ip s  in  p ra c tic e .
3.2.2.2.1.3 RF Diode Sputtering
B y  s im p le  su b s t itu t io n  o f  an  in su la to r  target fo r  th e  m e ta l ta rg e t in  a  d c  d io d e  
sp u tte r in g  s y s te m , th e  sp u tte r in g  g lo w  d isc h a r g e  ca n  n o t b e  s u s ta in e d  b e c a u s e  o f  th e  
im m e d ia te  b u ild -u p  o f  a su r fa c e  ch a r g e  o f  p o s it iv e  io n s  o n  th e  fro n t s id e  o f  th e  
in su la to r . T o  su sta in  th e  g lo w  d isc h a r g e  w ith  an  in su la to r  ta rg e t, th e  d c  v o lta g e  
p o w e r  s u p p ly  is  r e p la c e d  b y  an  r f  p o w e r  su p p ly . T h is  sy s te m  is  c a l le d  a n  r f  sp u tter in g  
s y s te m .
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Sputtering in the rf discharge was observed by Robertson and Clapp in 1933 [43], 
They found that the glass surface of the discharge tube was sputtered during the rf 
discharge. In the 1960’s, sputtering in the rf discharge has been used for the 
deposition of dielectric thin films and a practical rf sputtering system was developed 
[44,45], At present, the rf sputtering system holds an important position in the 
deposition of thin films.
The rf diode sputtering system requires an impedance-matching network between the 
power supply and discharge chamber. The impedance of the rf power supply is 
almost always 50Q. The impedance of the glow discharge is of the order of 1 to 10
In rf diode sputtering, the target current density is is given by
is~C dV/dt (3.4)
where C is capacitance between discharge plasma and the target, dV/dt denotes the 
time variations of the target surface potential. This indicates that the increase of the 
frequency increases the target ion currents. In practical systems, the frequency used 
is 13.56 Mhz.
In the rf discharge system the operating pressure is lowered to as low as 1 mTorr, 
since the rf electrical field in the discharge chamber increases the collision 
probability between secondary electrons and gas molecules. In the rf sputtering 
system, a blocking capacitor is connected between the matching network and the 
target. The target area is much smaller than the grounded anode and the chamber 
wall. This asymmetric electrode configuration induces negative dc bias on the target 
and this causes sputtering in the rf system. The dc bias is on the order of one half of 
the peak-to-peak voltage of the rf power supply.
In the rf sputtering systems the target and inductance in the matching network are 
usually cooled by water. The electrical resistivity of the cooling water should be high 
enough as to serve as electrical insulation.
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3.2.2.2.1.4 Magnetron Sputtering
Low pressure sputtering is one of the most promising techniques for the production 
of thin film devices. A wide variety of thin films can be made with little film 
contamination and at a high deposition rate by this technique.
In 1935 Penning first studied low pressure sputtering in which a transverse magnetic 
field was superposed on a dc glow discharge tube [46]. The experimental system was 
composed of coaxial cylindrical electrodes with an axial magnetic field, similar to a 
cold cathode magnetron. He found that superimposition of the magnetic field of 
300G lowered the sputtering gas pressure by a factor of ten and increased the 
deposition rate of sputtered films. However this kind of system was not used in 
practice.
In the early 1960’s, magnetron sputtering was reconsidered as an attractive process 
for thin film deposition by a few workers. Kay studied the glow discharge in the 
presence of a magnetic field in relation to thin film deposition [47,48]. Gill and Kay 
proposed an inverted magnetron sputtering system and demonstrated that the 
sputtering gas pressure was as low as 10'5 Torr, which was two orders lower than 
conventional sputtering systems. The strength of the magnetic field was several 
hundred gauss and the PSC (positive space charge) mode was dominant in the 
sputtering discharge.
Hayakawa and Wasa also studied this type of discharge in relation to glow discharge 
mode [49], plasma instability [50] and cathode sputtering [51-53]. They invented an 
original planar magnetron sputtering system with a solenoid coil [54]. It was also 
found that the presence of a strong magnetic field changed the glow discharge mode;
i.e. the NSC (negative space charge) mode appeared and enhanced the cathode 
sputtering. However in those days, this type of magnetron sputtering system was not 
widely used in practice.
In the 1970’s, magnetron sputtering become more widely used for its potential 
applications for Si integrated circuits, as well as for various other thin film coating
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processes [55,56]. Today, it is in broad scale practical use [57] in industries ranging 
from microelectronics, to automobiles, to architectural glass to hard coatings. Two 
types of magnetron sputtering systems are widely used for thin film deposition. One 
is a cylindrical type, the other is a planar type.
Actually in magnetron sputtering processes, sputtering sources uses magnetic fields 
transverse to the electric fields at sputtering-target surfaces. Sputtering with a 
transverse magnetic field produces several important modifications of the basic 
processes. Target-generated secondary electrons do not bombard substrates because 
they are trapped in cycloidal trajectories near the target and thus do not contribute to 
increased substrate temperature and radiation damage [42], This allows the use of 
substrates that are temperature-sensitive (for example, plastic materials) and surface- 
sensitive (for example, metal-oxide-semiconductor devices) with minimal adverse 
effects. In addition, this class of sputtering sources produces higher deposition rates 
than conventional sources and lends itself to economic, large area industrial 
application. There are cylindrical, conical and planar magnetron sources, all with 
particular advantages and disadvantages for specific applications. As with other 
forms of sputtering, magnetron sources can be used in a reactive sputtering mode. 
Alternatively, one can forego the low-temperature and low radiation damage features 
and utilize magnetron sources as high-rate sources by operating them in a bias- 
sputtering mode.
3.2.2.2.1.5 Ion-Beam Sputtering
The low-pressure gas plasma method is relatively frequently used for the growth of 
films by means of sputtering target materials. Plasma sputtering is specially 
advantageous when growth on a large area and high productivity are required. 
However, since this method is performed in a low-pressure gas environment, 
problems such as scattering of sputtered particles (atoms, molecules or ions) from the 
target before their arrival at the substrate and incorporation of discharged gas 
molecules into the growing film have been pointed out [41].
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In order to solve these problems, a new method was developed [41] wherein ions 
used for sputtering the target are independently produced using an ion source. An ion 
beam is created by converging and accelerating these ions and then a target placed in 
a high-vacuum chamber is irradiated. This method is called the ion-beam sputtering 
deposition (IBSD).
With IBSD, film growth can be performed in a high-vacuum environment, in 
contrast to plasma sputtering deposition and the following advantages can be listed:
(i) The ion beam current and energy are determined by the structure of the ion 
source and operating conditions; they can be considered independent of the 
potential of the target and the substrate. Therefore, exact control of sputtering 
conditions is possible.
(ii) By selecting the target potential arbitrarily, bombardment of the substrate by 
secondary electrons and secondary ions can be avoided. Thus, unnecessary 
temperature increase of the substrate and damage of the deposited film can be 
avoided.
(iii) The deposition rate of the film fabricated by the IBSD is low compared with 
that for plasma sputtering deposition. However, through periodic sputtering 
of different kinds of targets, formation of multilayered films can easily be 
accomplished. In such a case, by computer control, multilayered films with a 
complex structure can be reproduced with high accuracy.
(iv) Deposition of oxide, nitride and compound semiconductor films has been 
attempted experimentally by introducing a reactive gas or ion beam and 
creating a chemical reaction in the IBSD.
The ion beam current ranges from 10 mA to several amperes, depending on the 
dimensions of the sources. The ion energy can be varied from 0.5 to 2.5 kV. The gas 
pressure of the sputtering chamber is typically in the high 10'5 to low 10'4 Torr. This 
kind of system is widely used for sputter etching of semiconducting devices. 
Increasing interest has been recently paid to ion beam sputtering not only for 
semiconducting process but also for developing exotic materials.
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Sputtering also requires large vacuum systems for the deposition of films on large 
substrate.
3.2.2.2.2 Resistance Evaporation
Deposition of thin films from resistance heated evaporation sources was the first 
practical thin film deposition technique [58]. Since then, despite being 
technologically eclipsed by electron beam heated evaporation sources and sputtering, 
resistance evaporation finds wide use, offering a unique combination of reliability 
and economy.
During the 1930s the art of lens blooming became the science of optical coating 
[59,60], By the late 1930s multilayer optical coatings, all deposited with resistance 
heated sources, were invented [61]. The multilayer resistance source deposited films 
used in most production dichroic lighting reflectors [62] are an example of cost 
efficient, modem production technology.
The resistance heated refractory metal source is the heart of the evaporation system. 
Selection of a suitable source is the critical decision in designing a resistance 
evaporation process. The source is the evaporant heater and container and the most 
probable cause of failure. The catalogues of source manufacturers contain a plethora 
of designs and little specific performance or application data. A source is selected to 
meet the following process requirements: evaporant compatibility, capacity and 
power availability. The most difficult of these to meet is evaporant compatibility 
because many important evaporants (Al, Au, Fe and Pt) dissolve all refractory metals 
to some extent.
In general, sources are made of refractory metal (Mo, Ta, W) of three design classes: 
coils, boats and special purpose designs.
Resistance evaporation system requires large vacuum system for the deposition of 
films on large substrates.
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3.2.2.2.3 Electron Beam Evaporation
The electron beam heated evaporation source is a thermal evaporator as is a 
resistance heated source. Electron beam heated sources differ from resistance heated 
sources in two ways: the heating energy is supplied to the top of the evaporant by the 
kinetic energy of a high current electron beam and the evaporant is contained in a 
water cooled cavity or hearth. Heating by electron beam allows attainment of 
temperatures limited only by radiation and conduction to the hearth. Evaporants 
contained in a water-cooled hearth do not significantly react with the hearth, which 
provides a nearly universal evaporant container.
The bent beam evaporation source as is now used in thin film fabrication for 
electronics, optics and research was first envisioned by L Holland [63] and the 
modem 270° gun was developed in the early 1960s by Hugh Smith and Charles 
Hanks of Temescal Corporation [64], In the late 1960s and 1970s electron beam guns 
were principally used for the deposition of aluminum metallization on semiconductor 
devices. Today these sources have been largely supplanted for semiconductors 
because of the switch to alloy metallization coupled with the development of high 
rate, easily automated planar magnetron sputtering sources. Magnetron sources are 
much better suited for alloy deposition and more stable in automated production 
applications. The use of lift-off metallization technology for gallium arsenide and 
other high performance devices is causing a resurgence of electron beam deposited 
semiconductor metallization. The development of the new generation of hard 
multilayer optical coatings has made electron beam evaporation the technology of 
choice in optics.
The electron beam heated evaporation source, as used for high technology thin film 
fabrication has three basic sections: the electron gun, the beam deflection magnetic 
lens and the evaporant containing hearth. The beam is formed in the gun, passes 
through the magnetic lens and is focused upon the evaporant.
Application of an electron beam heated source is governed by the following three 
complex relationships:
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(i) The energy balance of the evaporant charge and the requirement for stable 
dissipation of the beam energy.
(ii) The complex distribution of the evaporant vapour flux from the evaporant 
surface caused by the pressure within this vapour and the resultant evaporant 
surface geometry.
(iii) The ionizing effects of the electron beam, as it passes through the evaporant 
vapour cloud, impacts the melt surface and is partially reflected from that
surface.
Electron Beam Evaporation system also requires a large vacuum system for the 
deposition of films on large substrate.
3.2.2.2.4 Ion Vapour Deposition
Ion vapour deposition or ion plating are the names given to a class of ion assisted 
physical vapour deposition process. These processes apply a negative voltage on or 
near the substrate, creating a plasma that ionises a working gas and coating material 
then accelerates both in the direction of the substrate while simultaneously sputtering 
the substrate. The ionised gas, usually argon, collides with non-ionised coating 
material, increasing its energy thereby imparting energy to the growing film, 
increasing its adhesion and density. It also imparts compressive stress in the coating, 
reducing cracking.
Conventional high vacuum evaporation imparts an arrival energy to the evaporant at 
the substrate on the order of 0.1-1 eV. In the early 1970s D M Mattox experimented 
with evaporating onto substrates at high voltage, developing the ion plating process 
[65], He recognised that when a voltage of 500-2500 V is applied to a conducting 
substrate, any evaporant that ionises will be accelerated through this voltage and 
arrive with up to 2500 eV of energy. Because evaporation sources ionise only about
0.1-1 % of the evaporant, the effect of a high voltage substrate bias was small. When 
an argon working gas at 10-50 mTorr was introduced into the coating system a 
sputtering discharge was generated at the substrate. This creates a unique and 
powerful deposition technology. The cathode in ion plating, the substrate, acts as the
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target in a sputtering system. As a result, there are two deposition processes 
occurring simultaneously. The substrate is sputtered and the evaporant is deposited. 
The film is grown to the extent the deposition rate exceeds the sputtering rate. The 
neutral atoms of evaporant are now ‘hammered’ into the substrate by the working gas 
ions. Their average energy of arrival is on the order of 250 eV when 2500 V is 
applied to the substrate. An additional capability of ion plating is sputter cleaning 
substrates before commencing deposition. As the sputtering target, the substrate can 
be etched to any extent desired.
Limitations
The intense energy of ion vapour deposition is the cause of its limitations. The 
energetic deposition imparts substantial energy to the substrates beyond that of 
evaporation or sputtering. This can easily melt plastic or anneal aluminium 
substrates.
The energy of the ion deposition sharply heats the deposition chamber and tooling, 
driving off the absorbed gas and contaminates. These gases contaminate the plasma, 
reacting with the films. Ion vapour deposition requires the same cleanliness and 
operating care as sputtering. The heat deposited on the chamber and tooling also 
requires water-cooling, care to avoid bums and long cooling cycles, slowing 
production.
3.2.2.2.5 Cathodic Arc Deposition
The technique of thin film deposition by cathodic arc evaporation has been used 
almost exclusively for the deposition of wear-resistant coatings onto cutting and 
forming tools. The technology was developed principally in the Soviet Union and 
much of the research and development has concentrated on the synthesis of titanium 
nitride. The method is fast, efficient and relatively cost effective, providing an 
attractive method for the deposition of functional thin film with good mechanical 
properties. The quality of the deposited films is determined by the properties of the 
products emitted during the evaporation and these products offer both advantages 
and disadvantages for specific applications.
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The cathodic arc evaporation process is based upon the vacuum arc, the physics of 
which is still under investigation. The vacuum arc is an arc sustained by material 
originating from a cathode in an environment that would otherwise be a vacuum. 
Before the arc is established there is no matter in the interelectrode gap to sustain the 
discharge but once triggered matter is transported and a feedback mechanism 
established in which a very small area of the cathode surface is heated by electron 
emission and further matter is ejected. The area of the cathode emitting material is 
characterized by an ensemble of luminous cathode spots that move in a rapid and 
chaotic manner across the surface. The spots move to a new sites rather than remain 
on the original hot sites and in the presence of a magnetic field, will move in the 
opposite direction to the JxB force (retrograde motion). Plasma expands in all 
directions from the cathode spots towards the anode and vacuum chamber walls. 
Measurements of the plasma [66] show that:
(i) The plasma contains few neutral species.
(ii) The kinetic energy of the ions is relatively high (20-100 eV) and greater than
eUo, where Uo is the arc voltage.
(iii) The electrons have near thermal energies.
(iv) The electric current carried by the ions is ~ 8 %.
(v) The electric field in the plasma is weak.
The cathodic spot is small (10'8 to 10'4 m in diameter) and an intense source of 
plasma with a current density of 106-1012 A.m'2. The spot velocity is determined by 
factors that include the nature of the cathode, the residual vacuum and the presence 
of external magnetic fields. The cathode erosion rate is dependent upon the state of 
the surface and the cathode spot characteristics change as the surface is cleaned of 
contamination and oxides during arcing.
The high energy of the ions is advantageous in thin film formation processes because 
arc evaporation is intrinsically an ion-assisted deposition process. Ion bombardment 
of a growing film leads to better adhesion to the substrate, the removal of loosely 
bonded surface atoms through sputtering and the densification of the film through 
forward recoil sputtering and the disruption of possible columnar growth [67]. The
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average energy of the ions is about 40 eV per particle compared to 0.1 eV for 
evaporation-based technologies [68] and 5-10 eV for sputtering processes [69]. The 
high ion fraction removes the requirement for any additional ion bombardment, as in 
ion-assisted electron beam evaporation, which greatly simplifies the process. The ion 
fractions for most materials are also extremely high compared to those in other 
processes such as ion plating (-0.2) and sputtering (-0.1). High ionisation also 
enhances the reactivity of metal and gaseous species in the formation of compounds 
such as nitrides, oxides and carbides [70].
Both ion vapour and cathodic arc deposition require large vacuum systems for the 
deposition of films on large substrates.
3.2.2.2.6 Laser Ablation
Film deposition by laser ablation is carried out by irradiation of the target by a 
focused laser beam. The laser beam ablates target materials from the target and 
materials are transferred to the substrates. As a result, a film is grown on the 
substrate. During laser ablation a luminous cloud can be seen along the normal to the 
target. This cloud is called a ‘plume’. Various kinds of pulsed laser are often 
employed for thin film deposition by laser ablation. Compared with other 
conventional film deposition techniques, e.g. thermal evaporation, molecular beam 
epitaxy (MBE), sputtering, organometallic chemical vapour deposition (OMCVD), 
etc., laser ablation has the following characteristics.
(i) Materials with high melting points can also be deposited if the materials 
absorb laser light.
(ii) Almost no contamination is present, unlike the situation often observed in 
films prepared using an evaporation heater or filament.
(iii) It is possible to prepare films in an oxidation environment with relatively 
high pressure because of the absence of a heater or filament in the deposition 
chamber.
(iv) The target composition is transferred to the film, leading to stoichiometric 
deposition.
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(v) A large number of droplets of submicron size are often seen on the surface of 
the deposited film.
Film deposition by laser ablation is undoubtedly an attractive technique for the 
preparation of a variety of materials. Disadvantages are droplet formation on the 
deposited film, the limitation on large area deposition, the high cost of the excimer 
laser, etc. Considering the current technique and the cost of the laser, the use of laser 
ablation in mass production is, however, not so suitable. For the moment, the laser 
ablation technique is of great importance in sophisticated material and device 
research in laboratories and the small-scale production of high cost-performance 
devices. In the near future an improved pulsed laser with a low cost will be available, 
leading to mass production.
Compared to the sol-gel process, laser ablation is expensive and has the limitation on 
large area deposition.
3.3 Criteria for the selection of a deposition technology for specific applications
The selection of a specific technology for the deposition of thin films can be based 
on a variety of considerations. A multitude of thin films of different materials can be 
deposited for a large variety of applications; hence, no general guidelines can be 
given of what the most suitable deposition technology should be. In selecting an 
appropriate deposition technology for a specific application, several criteria have to 
be considered.
Most thin films are deposited by evaporation (vacuum deposition), sputtering or 
chemical vapour deposition. A suitable selection of deposition process is required 
when thin films are used for the preparation of active electronic devices such as 
semiconducting devices, since the surface of the semiconducting substrates is often 
damaged during deposition. The nature of deposited films is governed by the 
deposition parameters including deposition rate, substrate temperature, substrate 
materials and deposition atmosphere [71].
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The chemical composition of deposited films is governed by the substrate 
temperature and/or the deposition atmosphere. Under low substrate temperatures the 
chemical composition of deposited films coincides to that of the source materials. 
Under high substrate temperatures the chemical composition of the deposited films 
differs from the source materials due to the reevaporation of high vapor pressure 
materials from the films during the deposition.
The gas molecules of the deposition atmosphere are frequently included in the 
deposited films. The chemically active gas molecules react with the thin films during 
film growth and the resultant films become the compounds between the evaporated 
source and the active gas in the deposition atmosphere. Thin films of metal oxides, 
for instance, are prepared by the reactive sputtering from metal target in oxygen 
atmosphere.
The crystalline properties of the deposited films are controlled by the selection of the 
substrate materials and the substrate temperature. Amorphous thin films are prepared 
on a glass and/or ceramic substrate at substrate temperatures below the crystallization 
temperature of the thin films. Polycrystalline films are prepared on a glass and/or 
ceramic substrates at substrate temperatures above the crystallization temperature.
3.4 Material Characteristics
The fabrication of thin film electroluminescent devices requires conductive films, 
transparent and conductive films, luminescent or fluorescent films as well as 
dielectric and insulating films. The electricàl, optical, structural and chemical 
properties of these thin films can be quite different from those of the bulk materials. 
The surface and/or interface properties of the substrate to be coated can influence 
thin film characteristics due to surface contamination, surface mobility, chemical 
surface reactions, surface topography and crystallographic orientation. As we are 
concerned with the suitable transparent conducting and insulating film in this work, 
the electrical, optical, structural and chemical properties of these thin films to be 
considered for the fabrication of thin film electroluminescent devices, are listed as 
follows:
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3.5 Conclusions
As discussed above, a wide variety of process technologies are available for the 
deposition of thin films. The technologies differ from each other to a large degree in 
their physical and chemical principles of operation and in the commercially available 
types of equipment. Each process technology has been pursued or developed because 
it has unique advantages over others. However, each process technology has its 
limitations. In order to optimise the desired film characteristics, a good 
understanding of the advantages and restrictions applicable to each technology is 
necessary.
Considerable attention has to be given to the source materials and their delivery into 
the deposition reactor. They can not only be a source of impurity contamination but 
can also influence the uniformity of the deposited films. The source materials used 
for the thin film deposition can be either solid, liquid or gaseous. The purity of the
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deposited film not only depends on the purity of the source materials delivered to the 
reactor and the leak tightness of the system but also to a large degree on the substrate 
cleaning procedure used.
Of considerable importance is the stability and repeatability of the processes used, 
especially in the large-scale manufacturing. Many different factors can influence the 
deposition process and it is extremely important to understand and control these 
parameters. To make a film deposition process acceptable for device fabrication, an 
extensive and careful study of the processes and equipment is often required. Any 
process instabilities or uncontrolled deposition parameters should be discovered and 
rectified during this procedure.
The uniformity of the deposited films, both in thickness and composition, is of great 
concern for most deposition processes. These requirements impose severe 
restrictions on the selection of the deposition process, the type of the source materials 
and also the control of the process parameters. The deposition processes for thin film 
electroluminescent device fabrication require many steps in the fabrication process 
sequence. It is important that compatible deposition processes are selected that do not 
interfere with the structures already built into the device. The process integration, 
which has to consider thermal effects, chemical and metallurgical compatibility as 
well as functional requirements and limitations, is a major consideration in 
successful process selection. Frequently, the deposition processes have to offer a 
high degree of flexibility in meeting the demands for specific device requirements.
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Chapter 4
SO L-G EL TEC H N O LO G Y
4.1 Introduction
4.1.1 Sol-gel processing
A colloid is a suspension in which the dispersed phase is so small (-1-1000 nm) that 
gravitational forces are negligible and interactions are dominated by short-range 
forces, such as van der Waals attraction and surface charges. A sol may be defined as 
a colloidal suspension of solid particles in a liquid. The sol may be produced from 
inorganic or organic precursors and may consist of dense oxide particles or 
polymeric clusters. In the sol-gel process, the precursors (starting compounds) for 
preparation of a colloid consist of a metal or metalloid elements surrounded by 
various ligands. The precursor most widely used in sol-gel research [72] is termed as 
an alkoxide.
Metal alkoxides are members of the family of metalorganic compounds, which have 
an organic ligand attached to a metal or metalloid atom. The most thoroughly studied 
example is silicon tetraethoxide (or tetraethoxy-silane, or tetraethyl orthosilicate, 
TEOS), Si(OC2H5)4. Metal alkoxides are popular precursors because they react 
readily with water. The reaction is called hydrolysis, because a hydroxyl ion 
becomes attached to the metal atom. Key steps in sol-gel processing are the 
hydrolysis of the alkoxides and the condensation of the hydrolysis products, both of 
which are stimulated by catalysts such as acids. The hydrolysis step is described by 
M(0R)4+II20  HO-M(OR)3+ROH (4.1)
R represents a proton or other ligand and ROH is an alcohol. In reaction (4.1) the 
metal alkoxide M(OR)4 is partially hydrolyzed forming a suitable species for 
polymerization as shown in the reaction
(OR)3M-OR+HO-M(OR) 3 -> (0R)3M-0-M(0R)3+R0H (4.2)
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By definition, condensation liberates small molecules, such as water or alcohol. This 
type of reaction can continue to build up larger and larger molecules by the process 
of polymerization. Dilute solutions containing these polymerized species can then be 
used to coat substrates by spinning or dip coating.
4.1.2 History of sol-gel technology
The first metal alkoxide was prepared from SiCI4 and alcohol by Ebelmen [73], who 
found that the compound gelled on exposure to the atmosphere. However, these 
materials remained of interest only to chemists for almost a century. It was finally 
recognized by Geffeken [74] in the 1930s that alkoxides could be used in the 
preparation of oxide films. This process was developed by the Schott glass company 
in Germany and was quite well understood, as explained in the excellent review by 
Schroeder [75].
Inorganic gels from aqueous salts have been studied for a long time. Graham [76] 
showed that the water in silica gel could be exchanged for organic solvents, which 
argued in favor of the theory that the gel consisted of a solid network with 
continuous porosity. Competing theories of gel structure regarded the gel as a 
coagulated sol with each of the particles surrounded by a layer of bound water, or as 
an emulsion. The network structure of silica gels was widely accepted in the 1930s, 
largely through the work of Hurd [77], who showed that they must consist of a 
polymeric skeleton of silicic acid enclosing a continuous liquid phase. The process 
of supercritical drying to produce aerogels was invented by Kistler [78] in 1932, 
who was interested in demonstrating the existence of the solid skeleton of the gel, 
and in studying its structure.
Around the same time, mineralogists became interested in the use of sols and gels 
for the preparation of homogeneous powders for use in studies of phase equilibria 
[79,80], This method was later popularized in the ceramics community by Roy 
[81,82] for the preparation of homogeneous powders. That work, however, was not 
directed toward an understanding of the mechanisms of reaction or gelation, nor the 
preparation of shapes (monoliths). Much more sophisticated work, both
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scientifically and technologically, was going on in the nuclear-fuel industry, but it 
was not published until later [83,84], The goal of this work was to prepare small 
spheres (tens of fim in diameter) of radioactive oxides that would be packed into 
fuel cells for nuclear reactors. The advantage of sol-gel processing was that it 
avoided generation of dangerous dust, as would be produced in conventional 
ceramics processing, and facilitated the formation of spheres. The latter was 
accomplished by dispersing the aqueous sol in a hydrophobic organic liquid, so that 
the sol would form into small droplets, each of which would subsequently gel.
The ceramics industry began to show interest in gels in the late sixties and early 
seventies. Controlled hydrolysis and condensation of alkoxides for preparation of 
multicomponent glasses was independently developed by Levene and Thomas [85] 
and Dislich [86]. Ceramic fibers were made from metalorganic precursors on a 
commercial basis by several companies [87-89]. However, the explosion of activity 
that continues today can be dated from the demonstration by Yoldas [90,91] and 
Yamane et al. [92] that monoliths could be produced by careful drying of gels. This 
is a bit ironic in retrospect, as it is evident that monoliths are the least 
technologically important of the potential applications of gels.
As is usually the case, the technology preceded the science of sol-gel processing, but 
great strides have been made in the past few years in understanding the fundamental 
aspects of preparing homogeneous multicomponent ceramics (crystalline and 
amorphous) from alkoxide-derived gels. The sol-gel process is now an well- 
accepted technology for preparing thin films.
4.2 Theory of Sol-gel Technology
3.2.1 Hydrolysis and Condensation
If one molecule reaches macroscopic dimensions so that it extends throughout the 
solution, the substance is said to be a gel. The gel point is the time (or degree of 
reaction) at which the last bond is formed that completes this giant molecule. Thus a 
gel is a substance that contains a continuous solid skeleton enclosing a continuous 
liquid phase. Gels can also be formed from particulate sols, when attractive
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dispersion forces cause them to stick together in such a way as to form a network. 
The sol-gel process uses inorganic or metal organic compounds as raw materials. In 
aqueous or organic solvents these compounds are hydrolyzed and condensed to form 
inorganic polymers. For inorganic compounds hydrolysis proceeds by removal of a 
proton from an aqueous reaction to form a hydroxy (M-OH) or (M=0) ligand. 
Condensation reactions involving the hydroxy ligands result in inorganic polymers in 
which the metal centres are bridged by oxygens or hydroxyls. The most commonly 
used metal organic compounds are metal alkoxides M(OR)x, where R is an alkyl 
group CnH2n+i.
A macromolecular oxide network is obtained through hydrolysis and condensation. 
The reactions are usually expressed as follows, Hydrolysis:
M(OR)x + H20  -> M(OH)(OR)x-i + HOR (4.3)
Condensation:
M(OH)(OR)x-, + M(OR)x -> (0R)x.iM-0-M(0R)x-i +HOR (4.4)
The overall reaction being:
M(OR)x + - H 20  MOx + xROH (4.5)
^ 2
Chemical additives are always used in order to improve the process and obtain better 
materials. Acid or base catalysts can influence both the hydrolysis and condensation 
rates and the structure of the condensed product. Acids serve to protonate negatively 
charged alkoxide groups, enhancing the reaction kinetics. Hydrolysis goes to 
completion when sufficient water is added. Usually base additions promote the 
hydrolysis.
4.2.2 Gelation
The hydrolysis and condensation reactions shown above lead to the growth of 
clusters that eventually collide and link together into a gel. Gels are sometimes 
defined as “strong” or “weak” according to whether the bonds connecting the solid 
phase are permanent or reversible. The chemical reactions that bring about gelation
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continue long after the gel point, permitting flow and producing gradual changes in 
the structure and properties of the gel.
The simplest picture of gelation is that clusters grow by condensation of polymers or 
aggregation of particles until the clusters collide; then links form between the 
clusters to produce a single giant cluster that is called a gel. The giant spanning 
cluster reaches across the vessel that contains it, so the sol does not pour when the 
vessel is tipped. At the moment that the gel forms, many clusters will be present in 
the sol phase, entangled in but not attached to the spanning cluster; with time, they 
progressively become connected to the network and the stiffness of the gel will 
increase. According to this picture, the gel appears when the last link is formed 
between two large clusters to create the spanning cluster. This bond is no different 
from innumerable others that form before and after the gel point, except that it is 
responsible for the onset of elasticity by creating a continuous solid network.
The sudden change in rheological behavior is generally used to identify the gel point 
in a crude way. For example, the time of gelation, tgei, is sometimes defined as 
corresponding to a certain value of viscosity, r\; alternatively, it may be defined as 
the point where the gel shows so much elasticity that a probe (e.g., rotating spindle) 
tears the gel.
4.2.3 Aging of Gels
The chemical reactions that cause gelation continue long after the gel point, 
producing strengthening, stiffening and shrinkage of the network. The process of 
dissolution and reprecipitation may coarsen the pore structure, while separation may 
occur into mixtures of solid/liquid, liquid/liquid or solid/solid phases. These changes 
can have a major influence on the subsequent processes of drying and sintering. The 
processes of change during aging after gelation include polymerization and phase 
transformation.
Polymerization is the increase in connectivity of the network produced by 
condensation reactions, such as
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= Si-OH + HO-Si = -> = Si-0-Si = + H20 (4.6)
Studies based on nuclear magnetic resonance (NMR) [93] and Raman spectroscopy 
[94,95] indicate that condensation in silica gels continues long after gelation, because 
of large concentration of labile hydroxyl groups. In addition to condensation, aging 
can result in further hydrolysis,
= Si-OR + H20  -> = Si-OH + ROH (4.7)
or in the reverse reaction, re-esterification,
= Si-OH + ROH -> = Si-OR + H20  (4.8)
The latter reaction is suppressed by using excess water.
Several types of phase transformation can occur during aging, such as 
microsyneresis, in which solid phase separates from the liquid on a local scale. There 
may also be segregation of the liquid into two or more phases.
The structural changes that occur during aging have an important effect on the drying 
process. The structure of the gel also influences the sintering behaviour, since the 
process of densification is driven by the interfacial energy. Crystalline gels sinter
much more slowly than amorphous gels with the same composition, so phase
transformation during aging can be profoundly important.
4.2.4 Drying of Gels
The process of drying of a porous material can be divided into several stages. At 
first, the body shrinks by an amount equal to the volume of liquid that evaporates, 
and the liquid-vapour interface remains at the exterior surface of the body. The 
second stage begins when the body becomes too stiff to shrink and the liquid recedes 
into the interior, leaving air-filled pores near the surface. Even as air invades the 
pores, a continuous liquid film supports flow to the exterior, so evaporation 
continues to occur from the surface of the body. Eventually, the liquid becomes 
isolated into pockets and drying can proceed only by evaporation of the liquid within 
the body and diffusion of the vapour to the outside.
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The driving forces and transport mechanisms are important during drying of gels. 
The driving forces for shrinkage include chemical effects, such as condensation 
reactions, and physical effects, such as capillary pressure. Fluid transport can occur 
by flow down a pressure gradient or diffusion down a chemical potential gradient, 
and deformation of the network may involve elastic, plastic, or viscoelastic strains. 
As liquid is removed by evaporation, tension that develops in the pores produces 
contraction of the network; when the pressure is not uniform, warping and cracking 
of the gel can result.
4.2.5 Avoiding Fracture
Drying produces a pressure gradient in the liquid phase of a gel, which leads to 
differential shrinkage of the network. When the exterior of the gel tries to shrink 
faster than the interior, tensile stresses arise that tend to fracture the network at the 
exterior. The material on either side of the crack can contract more freely, so it is 
favorable for the crack to grow into the drying surface. It may seem odd that 
compression of the network by the liquid causes fracture. In fact, if the pressure in 
the liquid were uniform, the whole network would be isotropically compressed and 
the gel would shrink without risk of cracking. However, the higher tension in the 
liquid at the exterior causes greater contraction of the network in that region. Since 
that contraction is inhibited by the slower-contracting interior (where the tension in 
the liquid is less), the network at the exterior is effectively stretched and this 
promotes cracking. Thus, it is the differential contraction that produces macroscopic 
tension in the network and this leads to cracking. Cracking occurs when the stress in 
the network exceeds its strength. Cracking is sometimes attributed to the existence of 
a pore size distribution in gel.
A variety of strategies have been employed to avoid fracture from drying stresses, 
including developing gels with larger pores, aging to increase the strength of the gel, 
as well as increasing the pore size, using chemical additives to lower interfacial 
energies or encourage diffusion within the pores, supercritical drying to eliminate 




Surface tension forces created in a gel during solvent removal cause the network to 
fold or crumple as the coordination of the particles is increased. Porosity develops 
when, due to additional cross linking or neck formation, the gel network becomes 
sufficiently strengthened to resist the compressive forces of surface tension. Thus the 
dried xerogel (xerogel is a gel which is dried by evaporation) structure will be a 
contracted distorted version of the structure originally formed in solution.
4.2.7 Sintering of Gels
Sintering is a process of densification driven by interfacial energy. Material moves 
by viscous flow or diffusion in such a way as to eliminate porosity and thereby 
reduce the solid-vapor interfacial area. In gels, that area is enormous, so the driving 
force is great enough to produce sintering at exceptionally low temperatures, where 
the transport process are relatively slow. Amorphous materials sinter by viscous flow 
and crystalline materials sinter by diffusion, so the paths along which material 
moves, and the relationship between the rate of transport and the driving force, are 
quite different [96].
Viscous sintering is driven by the energy gained by reduction in surface area of the 
porous body. Given a micro structural model, it is possible to relate the change in 
surface area to the overall change in dimensions (i.e., the strain). The energy gained 
when this strain occurs is the product of the specific surface energy and the change in 
surface area [74]. When a viscous body flows, energy is expended, and the rate of 
this dissipation of energy is proportional to the square of the strain rate. Frenkel [97] 
suggested that the rate of strain (or densification) could be found by equating the rate 
of change in the surface energy to the rate of energy dissipation.
The kinetics of densification of crystalline materials are slower and much more 
dependent on micro structure. The difficulty of reaching theoretical density is 
exacerbated in gels by the fact that the dried gel is rarely the equilibrium crystal 
phase. One important respect in which crystalline and amorphous materials differ is 
that the plane of contact between crystals, called the grain boundary, has a specific
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interfacial energy. This energy reflects the fact that the crystal planes in the 
respective particles do not match perfectly at the boundary. The existence of the 
grain boundary energy means that the energy gained by eliminating porosity is 
partially offset by the energy invested in creating necks between the grains. It is 
advantageous to sinter the gel while it is amorphous and then to crystallize after 
complete densification.
Sintering of composites is most difficult, even for glass matrices, because the 
inclusions prevent shrinkage. These encourage cracking during drying and prevent 
contraction during sintering.
4.3 Physics of Film Formation
4.3.1 Dip Coating
In dip coating processes, film formation takes place by evaporation of the solvent 
from a polymer solution. The substrate is dipped into the polymer solution, taken out 
at a constant speed and dried by allowing the solvent to evaporate, leaving behind a 
solid polymer film on the substrate. Scriven [98] divided the dip coating process into 
five stages: (1) immersion, (2) start-up, (3) deposition, (4) drainage, and (5) 
evaporation, shown in fig. 4.1. The thickness of the deposited film is related to the 
position of the streamline dividing the upward and downward moving layers. There 
are five forces in the film deposition region governing the thickness of the film and 
the position of the streamline: (1) viscous drag upward on the liquid by the moving 
substrate, (2) force of gravity, (3) resultant force of surface tension in the concavely 
curved meniscus, (4) inertial force of the boundary layer liquid arriving at the 











Fig. 4.1 Stages of dip coating process.
The thickness of the coating layer depends on the following factors:
the speed at which the substrate is taken out,
the concentration of the solution,
the viscosity of the solution,
the rate of solvent evaporation,
the angle at which the substrate is taken out,
the surface tension of the solution,
the vapour pressure, temperature and relative humidity above the coating bath, 
the precise control of air velocity, and 
the temperature of substrate and solution.
When the liquid viscosity (rj) and the substrate speed (U) are high enough to lower 
the curvature of the meniscus, then the deposited film thickness (t) is the thickness 
that balances the viscous drag (r)U/t) and the gravity force (pgt) [98,99]:
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t = C (  r \U N ' /2 (4.9)
PS
where the proportionality constant, C, is about 0.8 for Newtonian liquids [99], p  is 
the density of the liquid and g is the gravitational acceleration.
When the substrate speed and the liquid viscosity are not high enough, as is often the 
case in sol-gel processing, this balance is modulated by the ratio of viscous drag to 
liquid-vapour surface tension (/¿v) according to the following relationship derived by 
Landau and Levich [100]:
t-0S4^ Sr ( 4 ' 1 0 )
4.3.2 Spin Coating
Films may also be formed by spinning the solution on a rotating substrate. Bomside 
et al. [101] divided spin coating into four stages: (1) deposition, (2) spin-up, (3) spin­
off, and (4) evaporation, shown in fig. 4.2. An excess of liquid is dispensed on the 
surface during the deposition stage. In the spin-up stage, the liquid flows radially 
outward, driven by centrifugal force. In the spin-off stage, excess liquid flows to the 
perimeter and leaves as droplets. As the film thins, the rate of removal of excess 
liquid by spin-off slows down, because the thinner the film, the greater the resistance 
to flow, and also because the concentration of the nonvolatile components increases 








Fig. 4.2 Stages of spin coating process.
An advantage of spin coating is that a film of liquid tends to become uniform in 
thickness during spin-off and once uniform, tends to remain so provided that the 
viscosity is not shear dependent and does not vary over the substrate. This tendency 
arises due to the balance between the two main forces: centrifugal force, which 
drives flow radially outward, and viscous force (friction), which acts radially inward 
[102], During spin-up, the centrifugal force overwhelms the force of gravity, and the 
rapid thinning quickly squelches all inertial forces other than centrifugal force.
The final thickness of film depends on the following factors:
1) initial thickness,
2) time between spin-up and spin-off,
3) angular velocity,
4) the evaporation rate in spin coating, and
5) the viscosity of the liquid.
The thickness of an initially uniform film during spin-off is described by [98,103]:
where ho is the initial thickness, t is the time, co is the angular velocity, tj is the 
viscosity, and p  is the density of the liquid.
(4.1.1)
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4.3.3 Other Coating Methods
Although dipping and spinning are the most extensively investigated sol-gel coating 
methods, they suffer from the general requirements of axially or radially symmetric 
substrates and the difficulty in achieving thick layers with a single coating. For these 
reasons, other coating methods such as electrophoresis, thermophoresis and 
sedimentation (also called settling) have been explored.
4.3.3.1 Electrophoresis
The phenomenon of electrophoresis (EP) is the movement of charged particles 
through a liquid under the influence of an external electric field applied across the 
suspension [104]. The particles or polymers move in a direction opposite or parallel 
to the external current, depending on their charge, and deposit on either the cathode 
or anode. EP is therefore limited to conductive substrates that can serve as an 
electrode, but complicated shapes are easily accommodated.
Unlike dip coating, in EP the particles move in linear trajectories and impact the 
stationary substrate with a maximum velocity, v, that depends on the applied electric 
field, E, and the particle charge, q. Foss derived the following expression for v
[105]:
v =
(  7 7qE
6nrjr
X109 (4.12)
where q is in Coulombs, E in volts/cm, the viscosity (if) in centipoise (m Pa.s), the 
hydrodynamic radius (r) in cm, and v in cm/see. However, unlike settling, where the 
largest particles settle first, causing a deposit whose particle size decreases from 
bottom to top, in EP the compensating effects of the particle charge and 
hydrodynamic radius cause all the particles to have approximately the same velocity




Thermophoresis is the movement of suspended particles through a fluid under the 
influence of an applied thermal gradient [107]. The thermal gradient causes the 
particles to experience a net force in the direction of decreasing temperature 
(positive thermophoresis), because molecules impacting the particle on opposite 
sides through thermal motion have different average velocities due to their 
differences in temperature. The thermophoretic velocity acquired by a particle 
suspended in a liquid in the direction of decreasing temperature gradient, VT, has 
the general form [108]:
v , = - K t{ l lT )VT  (4.13)
where Kt is a constant that depends on the molecular flow regime of the sol.
Particles suspended in a temperature gradient should move in more or less ballistic 
trajectories and impact the coating surface with a velocity normal to the surface 
proportional to the temperature gradient. It is expected therefore that, like EP 
coatings, thermophoretic coatings may be denser than dip coatings. Unlike EP 
coatings, thermophoretic coatings have the advantage that electrically conductive 
substrates are not a requirement.
4.3.3.3 Settling
Settling is also a coating method that is amenable to particulates adapted by Garino 
[109-111] for deposition of particulate sols. The sol is spread onto a horizontal 
substrate with a moving rod. The particles deposit on the substrate surface under the 
influence of gravity accompanied by the convective motion resulting from solvent 
evaporation. For large particles that settle within the time constraints established by 
evaporation, this method is similar to EP since the particles impact the surface with a 
finite velocity component normal to the surface. According to Stoke's law [112] the 
steady-state velocity of a spherical particle settling in a viscous medium is:
v = g ( p „ - p 0)D,s /lSn0 (4.14)
where pp is the particle density, po is the density of the fluid, Ds is the diameter, and 
rjo is the viscosity. Unlike EP the largest particles arrive first, potentially causing a
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gradation in particle size, and the deposition and evaporation stages may overlap, 
depending on the relative rates of settling and evaporation. For smaller particles that 
do not settle quickly, this method differs from dip or spin coating in that the 
depositing film is not thinned by draining and no shear field is established. Unlike 
any of the previously discussed methods, all the particles in the sol are deposited on 
the substrate surface.
4.4 Applications
There are many potential applications of sol-gel derived materials in the form of 
films, fibers, monoliths, powders, composites and porous media. Certainly one of 
the most technologically important aspects of sol-gel processing is that, prior to 
gelation, the fluid sol or solution is ideal for preparing thin films by such common 
processes as dipping, spinning or spraying. Compared to conventional thin film 
forming processes, such as CYD, evaporation or sputtering, sol-gel film formation 
requires considerably less equipment and is potentially less expensive; however, the 
most important advantages of sol-gel processing over conventional coating methods 
is the ability to control precisely the microstructure of the deposited film, i.e., the 
pore volume, pore size and surface area.
In comparison with other thin film deposition technologies the sol-gel process has 
the following advantages:
(i) it gives wide possibility to vary the film properties by changing the 
composition of the solution (change in film microstructure, introduction of 
dopants, etc.);
(ii) low process cost, specially for large-scale substrates;
(iii) it is possible to coat on the desired shape and area without using expensive 
and complicated equipment;
(iv) better purity and homogeneity from raw materials;
(v) low temperature of preparation which can
a) save energy;
b) minimize evaporation losses;
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c) minimize air pollution;
d) minimize reactions with containers, thus producing purity;
e) bypass phase separation;
f) bypass crystallization.
(vi) while for thin films applied by vacuum techniques it is difficult to provide a 
stoichiometric ratio of the elements [113] and appropriate quality of the 
dielectric-semiconductor interface (as a result of bombardment of the 
substrate by high energy particles), the sol-gel method allows one to 
overcome these problems.
Some disadvantages [114] of the sol-gel process are:
(i) high cost of raw materials;
(ii) large shrinkage during processing that accompanies drying and sintering;
(iii) residual fine pores;
(iv) residual hydroxyl;
(V) residual carbon;
(Vi) health hazards of organic solutions;
(vii) long processing times.
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Chapter 5
M E A S U R E M E N T  T E C H N IQ U E S
5.1 Introduction
Electrical, optical and structural properties of thin films are very important for their 
use in thin film electroluminescent devices. The following measurements were done 






2. Hall mobility and Carrier concentration
c. Surface roughness measurement
d. Bonding structure measurement
1. Fourier Transform Infrared spectroscopy
2. Raman spectroscopy
e. Crystal structure measurement 
1. X-ray diffraction
f. Chemical composition
1. X-ray photoelectron spectroscopy
g. Optical measurement
1. Transmittance
5.2 Measurement of Film Thickness
5.2.1 Interferometry
An interferometer was used to measure the thickness of the deposited film. 
Interference occurs when radiation from the same source follows more than one path 
to the point of detection. When a path difference is present, a set of fringes can be 
seen as light and dark bands called interference fringes. This phenomenon of 
interference is a striking illustration of the wave nature of light [115]. A sample is
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masked and coated, allowing a portion of the substrate to remain uncoated. An 
interferometric microscope is used to observe the fringe pattern obtained from the 
monochromatic light reflected from the uncoated and coated side of the sample. If 
there is a difference in height between the two sides of the specimen, the fringe 
pattern will appear to be shifted as it crosses the edge between them, shown in figure 
5.1. Two adjacent fringes are separated by half of the wavelength of light (A./2). The 
step on the specimen surface displaces the fringe pattern and this is a measure of the 
difference in height between the coated and uncoated specimen sides. The coating 
thickness is measured as the displacement or shift of the fringe pattern at the step 
area. If L is the fringe spacing and AL the displacement of the fringes, then the film 




Where X is the wavelength of the monochromatic light. This is a convenient method 
of evaluating film thickness, although it is only really applicable where both the 
substrate and coating are reflective and film thickness is large (>0.2|j,m), enabling the 
interference patterns to be clearly distinguished.
Figure 5.1 Interference patterns for thickness measurements.
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5.2.2 Ellipsometry
Ellipsometry is a non-destructive and contact-less technique for the optical 
characterization of the surface, especially measurement of thickness and refractive 
index of thin films. This technique has also been called polarimetry and polarization 
spectroscopy. It is very useful for extremely thin films but may also be used for very 
accurate measurements of thicker films. The widespread use of ellipsometry was 
demonstrated by the symposium sponsored in 1963 by the National Bureau of 
Standards [116].
When linearly polarized light impinges on a surface, generally it will be reflected 
elliptically polarized. This occurs because the parallel and perpendicular components 
(relative to the surface) of the linear polarization are reflected with different 
efficiencies and a phase shift occurs.
Ellipsometry has the following advantages over other conventional methods of 
measuring thickness:
a) It can measure the film thickness at least an order of magnitude smaller than can 
be measured by other methods such as interferometry.
b) It can determine the refractive index of thin films of unknown thickness.
c) It can make measurements in optically transparent environments such as air or 
liquids.
d) It does not require special conditions (such as vacuum, heat or electron 
bombardment) that may change the optical properties of the surface being 
measured but does permit measurements under such conditions, if desired.
e) Nulling ellipsometers have the additional special advantages that the measured 
quantities are usually azimuth angles (of rotation of the polarizing components), 
which can be measured with high resolution and accuracy. This almost 
completely eliminates the effects caused by variations of intensity of the incident 
light beam, variations in total reflectance of the samples being measured and 
variations in sensitivity of the detector-amplifier system used to measure the 
intensity of the reflected beam.
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Measurements on thin films are made under the assumption that there is an abrupt 
interface between the substrate and the film. When two linearly polarized light waves 
with the same wavelength are combined in phase, the resultant wave is also linearly 
polarized. However, when they are combined out of phase, they are elliptically 
polarized.
Ellipsometry is based on the fact that a monochromatic and linearly polarized 
electromagnetic wave changes its state of polarization if it strikes an interface 
between two media in a non-perpendicular fashion. When light passes from one 
medium to another, some of the incident light is reflected, while some enters the 
second medium. The phase difference between the parallel component (Es) and the 
perpendicular component (Ep) of the incident wave is denoted 5i and for the outgoing 
wave 82 (see figure 5.2).
Then, the change in phase difference that occurs upon reflection is given as delta A = 
81 - 82 [117]. Ellipsometry, based on the reflection of light from the surface of a 
sample, measures the change in phase difference A between the incident and 
reflected waves, and the ratio of the magnitudes of the total reflection coefficients 
( iff) such that [117].
Figure 5.2 Reflection of a light beam from a surface.
(5.2)
where Rp = reflectance in plane of incidence
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Rs = reflectance normal to plane of incidence
eiA = exponential complex notation of A
A = phase difference between incident and reflected waves
Calculations based on A and y/ and the refractive index (n) for the substrate and the 
angle of incidence of the light beam ((j>) will yield values for the refractive index (n) 
and the extinction coefficient (k) for a film on a substrate. Based on plots of A vs. y/, 
with different beam wavelengths (A.) and incident angle (4>), different values of n can 
be plotted. The curve on which the measured point, given by co-ordinates 
falls, indicates the refractive index of the film. The position on which it falls 
indicates the thickness of the film [117,118].
An ellipsometer often uses a helium neon laser, polarizer, quarter-wave compensator 
and a detector. The polarizer produces a linearly polarized wave which is then 
converted to elliptical polarization by the quarter-wave compensator. The elliptically 
polarized radiation is incident on the sample and the reflected wave is passed through 
an analyzer. When the analyzer is nulled to the detector, the ellipticity generated is 
the opposite of that made by the reflection. From this, tan'F and A can be found and 
hence the thickness and refractive index of the film can be calculated.
Instrumentation
The thickness and refractive index were measured on films deposited onto Silicon 
substrates using an Auto EL-III Rudolph Research null ellipsometer with a 
wavelength of 632.8 nm.
5.3 Electrical measurement
5.3.1 Measurement of Film Resistivity
The properties of the thin films used for the fabrication of transistors and other 
semiconductor devices are essential in determining the characteristics of the 
completed devices. Resistivity and lifetime [119] (of minority carriers) 
measurements are generally made on thin films to determine their suitability. The
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resistivity, in particular, must be measured accurately since its value is critical in 
many devices.
Several techniques are employed to measure the electrical resistivity of thin films. 
The four-point probe technique is one of the most common methods for measuring 
the semiconductor resistivity, because the two-point probe method is more difficult 
to interpret. The total resistance between the two probes is given by
Rt = j  = 2Rc+2R,p +R , (5.3)
where Rc is the contact resistance at each metal probe/semiconductor contact, Rsp is 
the spreading resistance under each probe and Rs is the semiconductor resistance. 
Neither Rc nor Rsp can be accurately calculated so that Rs can not be accurately 
extracted from the measured resistance.
This problem can be solved using four-point probe method. Two probes carry the 
current and other two are used for voltage sensing. The four-point probe method was 
originally proposed by Wenner in 1916 [120]. This measurement technique is 
referred to in Geophysics as Wenner’s method. It was adopted for semiconductor 
wafer resistivity measurements by Valdes in 1954 [121].
The basic model for four-point probe measurements is shown in fig. 5.3. Four sharp 
probes are placed on a flat surface of the film to be measured, current is passed 
through the two outer electrodes and the floating potential is measured across the 
inner pair. In order to use this four-point probe method to measure the resistivity of 
the thin film, it is necessary to assume that:
i) The resistivity of the film is uniform in the area of measurement.
ii) The measurements should be made on surfaces which have a high
recombination rate, such as mechanically lapped surfaces.
iii) The surface on which the probes rest is flat with no surface leakage.
iv) The four probes used for resistivity measurements contact the surface at
points that lie in a straight line.
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v) The diameter of the contact between the metallic probes and the 
semiconductor should be small compared to the distance between probes.
vi) The probes are far from any of the other surfaces of the sample and the 
sample can thus be considered a semi-infinite volume of uniform resistivity 
material.
Figure 5.3 shows the geometry being considered. Four probes are spaced si, S2, and 
S3, apart. Current I  is passed through the outer probes (1 and 4) and the floating 
potential Vfis measured across the inner pair of probes 2 and 3.
Figure 5.3 Model for the four probe resistivity measurements.
The floating potential Vf at a distance r from an electrode carrying a current I  in a 
material of resistivity p  is given by [122].
Vf * > &  (5.4)
2 7JT
In figure 5.3 there are two current-carrying electrodes (1 and 4), therefore the 
floating potential Vf, at any point in the film is the difference between the potential 




where r} is the distance from probe 1 and r4 is the distance from probe 4.
(5.5)
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The floating potential at probe 2 (Vp) and 3 (Vp) can be calculated from (5.5) by 
substituting the proper distances as follows:
Vf2 = —2n
1 1
V5] S 2 J r S 2 j
(5.6)
F/3 = —  /3 2 n
1 1
Vjl +S 2 S 3 J
(5.7)
The potential difference V between the probes is then
V -  V - V  = —  
/2 /3 2n
1
y 5, 5 3 S2 +Sj 5 , + 5 2>
(5.8)




1 1 1— +  *----
s Ï, + s 2 S2 + Si J
(5.9)
When the point probe spacing is equal (s, = s 2 = s s =s) ,  the equation (5.9) 
simplifies to
p  = j 2 n s  (5.10)
If the sample to be measured has a thickness t «  s, and is resting on an insulating
support, it may be considered as essentially two-dimensional like an infinite sheet
having an infinitesimal thickness. In such a case, and if the film is large in extent
compared with the probe assembly, equation (5.10) becomes, [121]
V n Vp  = — x —  xt  = 4.5324x/x— (5.11)
H I In 2 /
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The electrical circuitry used for the measurements carried out in this project consists 
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Figure 5.4 Experimental setup for measurements with d.c current.
5.3.2 Measurement of Hall Mobility and Carrier Concentration
Van der Pauw [123] developed a perfectly general method to determine the hall 
mobility and carrier concentration of a film using four probes located arbitrarily on 
the film surface. The van der Pauw arrangement for hall effect measurements is 
shown in fig.5.5, in which the current and voltage contacts are crossed, and a 
magnetic field B is applied perpendicular to the sample surface. The Hall effect is 
briefly described below. The Hall coefficient is obtained from [124]
where Rg^ i = J7ki / hj , t is the film thickness in meters, B is the magnetic field in 
Teslas (T) (1 T=1 Weber/m2 = 1 V.s/m2).
(5.12)
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Figure 5.5 Van der Pauw arrangement for Hall effect measurements.
Although this technique is applicable to specimens of arbitrary shape, a symmetrical 
shape is nearly always used. There are several sample geometries, which are used for 
van der Pauw measurements, depending on the accuracy required and the feasibility 
of fabrication. For aluminum doped zinc oxide and indium tin oxide films 
investigated here, a square shape was chosen, since it is one of the most accurate van 
der Pauw structures for avoiding finite-contact size corrections [125]. Thin films of 
square shape were deposited onto glass substrates. The samples were then pasted 
onto a supporting board, with contacts soldered at the back of the board for 
connecting the measurement instruments.
For the contact onto the samples in the four comers, very thin flexible wire was used; 
cmde contacts were made using a mixture of silver paint and epoxy hardener which 
was cured at room temperatures for 24 hours. The schematic diagram for the 
measurements is shown in fig. 5.6.
The Hall effect was discovered by E.H. Hall in 1879 [126] and is widely used in the 
semiconductor industry because of its simplicity and the importance of the 
parameters it measures, namely carrier concentration and mobility. The prototype 
structure for Hall-effect measurements is shown in figure 5.7.
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Figure 5.6 Schematic diagram for Hall effect measurements.
Figure 5.7 Hall-bar configuration for Hall-effect measurements.
In the simplest model of the Hall effect, the charge carriers are assumed to be 
electrons which are travelling with a velocity v in the x direction upon the application 
of an electric field. Upon application of a magnetic field B in the z direction, the
7 3
electrons experience a force evxB, which will have a y component -e(vxB)y=- 
e(vzBx-vxBz)=evxBz. The electronic charge will build up on the +y face of the sample 
until an opposing force -eEy just balances the evxBz force. With this balance, the 
electrons again have no y component of velocity, just as was the case when 5=0. The 
total current density is j x--nevx, so that eEy=evxBz=-eBjx/ne. The Hall coefficient RH 
is defined as
Rh = - ^  = -----  (5.13)JXB ne
The general working equations to carry out a simple Hall effect experiment are:
HH=\RHxa\  (5.14)
" » (515)  \e x Rh
where ¡j,h is the Hall mobility, cris the conductivity, RH is the Hall coefficient, nH is 
the Hall carrier concentration and e is the electron charge. When the electrons all 
have the same magnitude of x-axis velocity, then ¡j.h = p  (conductivity mobility) and 
nti=n defined by the equation cr= ne/u. The Hall-bar configuration [124] of figure 5.7 
is the most simple geometry to analyze, but is not a feasible configuration to use for 
thin films, therefore, the van der Pauw method described earlier was employed using 
the configuration shown in figure 5.6. The current and voltage contacts were crossed, 
and a permanent magnet capable of providing a magnetic field of 0.2 Tesla was used. 
Equation (5.12) was used to evaluate the Hall coefficient.
5.4 Measurement of Surface Roughness
The surface is the boundary that separates an object from another object, substance 
or space. Surface roughness is the finer irregularities of the surface texture that 
usually result from the inherent action of the production process or material 
condition.
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T h e  tw o  p a ra m eter s  in  m o s t  c o m m o n  u s e  fo r  th e  m e a su r e m e n t  o f  su r fa c e  r o u g h n e ss  
are: (1 )  th e  r o u g h n e s s  a v e r a g e  (Ra) v a lu e ,  d e f in e d  a s  th e  m e a n  v e r t ic a l  d e v ia t io n  o f  
th e  p r o f i le  fr o m  th e  c e n te r  l in e , tr e a tin g  d e v ia t io n s  b o th  a b o v e  an d  b e lo w  th e  ce n te r  
l in e  as p o s it iv e ;  (2 )  th e  r o o t m e a n  sq u a r e  (R M S )  v a lu e ,  d e f in e d  a s  th e  sq u a re  ro o t o f  
th e  m e a n  o f  th e  sq u a r e  o f  th e s e  d e v ia t io n s .  T h e  Ra h a s  tr a d it io n a lly  b e e n  th e  m o s t  
c o m m o n  p a ra m eter  in  u s e  in  th e  U K , w h i le  th e  R M S  v a lu e  h a s  b e e n  th e  m o s t  
c o m m o n  in  th e  U S A . T h e  r o u g h n e s s  a v e r a g e  (Ra) v a lu e  is  n o r m a lly  e x p r e s s e d  in  
ter m s o f  m ic r o - in c h  o r  m ic r o n s  (p .m ).
L e t  u s  c o n s id e r  a p r o f i le  h e ig h t  fu n c t io n , Z(x) w h ic h  re p r e se n ts  th e  p o in t  b y  p o in t  
d e v ia t io n s  b e t w e e n  th e  m e a su r e d  p r o f i le  an d  th e  r e fe r e n c e  m e a n  l in e  s h o w n  in  f ig . 
5 .8 . F o r  d ig ita l  in s tr u m e n ts , th e  p r o f i le  Z(x) i s  a p p r o x im a te d  b y  a  s e t  o f  d ig it iz e d  
v a lu e s  (Zj) r e c o r d e d  u s in g  th e  sa m p lin g  in te r v a l (do).
F ig u r e  5 .8  I llu s tr a t io n  fo r  th e  c a lc u la t io n  o f  r o u g h n e ss  a v e r a g e , R a.
R o u g h n e s s  a v e r a g e  is  th e  a r ith m e tic  a v e r a g e  o f  th e  a b so lu te  v a lu e s  o f  th e  p r o f ile  
h e ig h t  d e v ia t io n s  r e c o r d e d  w ith in  th e  e v a lu a t io n  le n g th  an d  m e a su r e d  fr o m  th e  m e a n  
l in e . A s  s h o w n  in  th e  f ig .  5 .8 , R„ i s  e q u a l to  th e  su m  o f  th e  sh a d e d  a rea s o f  th e  p r o f ile  
d iv id e d  b y  th e  e v a lu a t io n  le n g th , L. A n a ly t ic a l ly ,  Ra i s  g iv e n  b y  [ 1 2 7 ] ,
Ra = { y ^ \Z ( x ) \d x (5.16)
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F o r  d ig ita l  in s tr u m e n ts , a n  a p p r o x im a t io n  o f  th e  Ra v a lu e  m a y  b e  o b ta in e d  b y  a d d in g  
th e  in d iv id u a l Z, v a lu e s  w ith o u t  reg a rd  to  s ig n  an d  d iv id in g  th e  s u m  b y  th e  n u m b e r  o f  
d a ta  p o in t s ,  N.
Ra= (\Zj\ + |Z2 | +  \Z3\ ..........|Zn)/N  ( 5 .1 7 )
R o o t  m e a n  sq u a re  (R M S ) , Rq i s  th e  r o o t  m e a n  sq u a r e  a v e r a g e  o f  th e  p r o f i le  h e ig h t  
d e v ia t io n s  ta k e n  w ith in  th e  e v a lu a t io n  le n g th  an d  m e a su r e d  fr o m  th e  m e a n  lin e . 
A n a ly t ic a l ly ,  it  i s  g iv e n  b y:
1/
Rq = \ ^ L ) [ z ( x ) 2dx ( f U 8 )
T h e  d ig ita l  a p p r o x im a tio n  is:
Rq = [ ( z 2 + Z 2 + Z 32 + ................+  Z 2 ) / n Y 2 ( 5 .1 9 )
Instrumentation
T h e  s u r fa c e  r o u g h n e s s  a v e r a g e , R a v a lu e  i s  m e a su r e d  b y  u s in g  a  M itu to y o  S u rftest-  
4 0 2 . M in im u m  r e s o lu t io n  o f  th e  in s tr u m e n t is  0 .0 1  (im .
5.5 Bonding structure measurement
In fra red  (IR )  a n d  R a m a n  s p e c tr o s c o p y  are tw o  o f  th e  w id e ly  u s e d  te c h n iq u e s  fo r  th e  
d e te r m in a t io n  o f  b o n d in g  stru ctu re an d  fo r  th e  id e n t if ic a t io n  o f  c o m p o u n d s . Infrared  
an d  R a m a n  s p e c tr o s c o p ie s  p r o v id e  in fo r m a tio n  o n  m o le c u la r  v ib r a tio n s . T h e s e  
m e th o d s  c a u s e  m o le c u le s  to  u n d e r g o  c h a n g e s  in  v ib r a t io n a l e n e r g y  sta te  b y  
s u b je c t in g  th e m  to  e x c ita t io n  r a d ia t io n  in  s e le c te d  sp e c tr a l r e g io n s .  IR  an d  R a m a n  
s p e c tr o s c o p y  d if fe r  in  th e  m e a n s  b y  w h ic h  p h o to n  e n e r g y  i s  tra n sferred  to  th e  
m o le c u le  a n d  in  th e  in s tr u m e n ta tio n  u se d . T h u s , th e  in fo r m a t io n  e x tr a c te d  e x h ib its  
d iffe r e n t  c h a r a c te r is t ic s . In frared  an d  R a m a n  s p e c tr o s c o p y  are  c o m p le m e n ta r y  rather  
th an  c o m p e t in g  te c h n iq u e s . T h e  m o le c u la r  v ib r a tio n a l f r e q u e n c ie s  o b s e r v e d  b y  b o th  
te c h n iq u e s  are n e a r ly  th e  sa m e  b u t th e  v ib r a tio n a l b a n d  in te n s it ie s  d if fe r  b e c a u s e  o f  
th e  d iffe r e n t  e x c ita t io n  m e c h a n is m s .
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5.5.1 Fourier Transform Infrared Spectroscopy
W ith  th e  a d v e n t  o f  F o u r ie r  T r a n sfo r m  In frared  (F T IR ) sp e c tr o m e te r s  and th e  
c o n c o m ita n t  a d v a n ta g e s  o f  s p e e d  an d  s e n s it iv ity ,  in fra red  a b so r p tio n  s p e c tr o s c o p y  
h a s b e c o m e  o n e  o f  th e  p r e e m in e n t  t o o ls  fo r  m o le c u la r  c h a r a c te r iz a t io n  and  
id e n t if ic a t io n . T h e  p o s it io n  o f  F T IR  as a  u s e fu l te c h n iq u e  fo r  c h a r a c te r iz a t io n  o f  
in d u str ia l m a te r ia ls  h a s  b e e n  f ir m ly  e s ta b lis h e d  w ith in  th e  la s t  d e c a d e . F T IR  h a s  
b r o u g h t  a d d it io n a l m e r its  su c h  a s  h ig h  s e n s i t iv i ty ,  h ig h  p r e c is io n , sp e e d  o f  
m e a su r e m e n t  an d  e x te n s iv e  d a ta  p r o c e s s in g  c a p a b ility  b e s id e s  th e  in tr in s ic  
a d v a n ta g e s  o f  in fra red  s p e c tr o s c o p y  su c h  as w id e  a p p lic a b ility , n o n d e s tr u c t iv e n e s s ,  
m e a su r e m e n t  u n d er  a m b ie n t  a tm o sp h e r e , c a p a b ility  o f  p r o v id in g  d e ta ile d  stru ctural 
in fo r m a tio n  an d  a  h u g e  d ata  b a se . T h e  in tr o d u c tio n  o f  F T IR  h a s  c h a n g e d  in frared  
s p e c tr o s c o p y  fr o m  a  te c h n iq u e  o f  id e n t if ic a t io n  o f  b u lk  m a te r ia ls  to  a  c o m p r e h e n s iv e  
s y s te m  o f  m a te r ia l c h a r a c te r iz a t io n  an d  h a s  o p e n e d  u p  a n e w  f ie ld  e s p e c ia l ly  in  
su r fa c e  s tu d ie s  and m ic r o a n a ly s e s  o f  in d u str ia l m a te r ia ls .
E le c tr o m a g n e t ic  r a d ia tio n  is  a  g o o d  so u r c e  to  u n d er sta n d  th e  b o n d in g  stru ctu re o f  
c o m p o u n d s  w h e n  it  in te ra c ts  w ith  th e  a to m s  o f  that c o m p o u n d . E le c tr o m a g n e t ic  
ra d ia tio n , o f  w h ic h  v is ib le  l ig h t  fo r m s  an  o b v io u s  b u t  v e r y  s m a ll  part, m a y  b e  
c o n s id e r e d  as a  s im p le  h a r m o n ic  w a v e  p r o p a g a te d  fr o m  a  s o u r c e  an d  tr a v e llin g  in  
s tra ig h t l in e s  e x c e p t  w h e n  r e fr a c te d  or r e f le c te d . T h e  p r o p e r t ie s  w h ic h  u n d u la te , 
c o r r e sp o n d in g  to  th e  p h y s ic a l  d is p la c e m e n t  o f  a s tr e tc h e d  str in g  v ib ra tin g , or th e  
a ltern a te  c o m p r e s s io n  a n d  r a r e fa c t io n  o f  th e  a tm o sp h e r e  d u r in g  th e  p a s s a g e  o f  a  lig h t  
w a v e ,  are in te r c o n n e c te d  e le c tr ic  an d  m a g n e t ic  f ie ld s . T h is  is  th e  b a s is  o f  m o le c u la r  
s p e c tr o sc o p y .
In  IR  s p e c tr o s c o p y , th e  v ib r a tio n a l e x c ita t io n  is  a c h ie v e d  b y  r a d ia tin g  th e  sa m p le  
w it h  a b r o a d -b a n d  s o u r c e  o f  r a d ia tio n  in  th e  in fra red  r e g io n , w h ic h  is  g e n e r a lly  4 0 0 0 -  
2 0 0  c m '1 ( 2 .5 - 5 0  ( im ). F o r  a  v ib r a tio n  to  b e  IR  a c t iv e , it  i s  n e c e s s a r y  to  im p art a  
c h a n g e  in  th e  d ip o le  m o m e n t . T h e  d ip o le  m o m e n t  is  d e f in e d  as th e  m a g n itu d e  o f  
e ith e r  c h a r g e  in  a  d ip o le  m u lt ip lie d  b y  th e  c h a r g e  sp a c in g . I f  an  a to m  h a s  th e  sa m e  
n u m b e r  o f  p r o to n s  an d  e le c tr o n s , it  i s  e le c tr ic a l ly  n eu tr a l an d  d o e s  n o t  co n tr ib u te  to  
th e  d ip o le  m o m e n t . T h e  c h e m ic a l  fo r c e s  th a t e x is t  in  th e  m o le c u le  te n d  to  red istr ib u te
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th e  e le c tr o n s  s o  that a g iv e n  a to m  m a y  h a v e  a  d e f ic i t  or a n  e x c e s s  o f  e le c tr o n s , b e in g  
c o n s id e r e d  as a  p a r t ic le  w ith  a  sm a ll p o s i t iv e  o r  n e g a t iv e  c h a rg e . W h e n  a p p ly in g  IR  
e x c ita t io n , th is  ch a r g e  m a y  c h a n g e  d u e  to  m o le c u la r  v ib r a tio n . I f  th e  n e g a t iv e ly  
c h a r g e d  a to m  v ib r a te s  in  o n e  d ir e c t io n , an d  th e  p o s i t iv e ly  c h a r g e d  o n e  in  th e  o p p o s ite  
d ir e c t io n , th e  v ib r a tio n  is  IR  a c t iv e . H o w e v e r ,  i f  th e  m o le c u le  r e ta in s  th e  c e n te r  o f  
s y m m e tr y  so  th a t th e  d ip o le  m o m e n t  r e m a in s  u n c h a n g e d , th e  v ib r a t io n  i s  IR  in a c t iv e . 
I f  a m o le c u le  is  e x c it e d  to  a h ig h e r  v ib ra tio n a l s ta te  b y  d ir e c t ly  a b so r b in g  th e  in frared  
ra d ia tio n , th e  tr a n sm itta n c e  at a g iv e n  w a v e n u m b e r  c a n  b e  c a lc u la te d  a c c o r d in g  to  
e q u a tio n  5 .2 0  [ 1 2 8 ] .  S im ila r ly , th e  a b so r b a n c e  at a g iv e n  w a v e n u m b e r  c a n  b e  
o b ta in e d  b y  u s in g  th e  B e e r -L a m b e r t  e q u a tio n  (E q . 5 .2 1 )  [1 2 8 ]  as s h o w n  b e lo w :
T = —  ( 5 .2 0 )
I C \
r I  Aj_o
y l  j ( 5 .2 1 )
A — lo g
V
=  act
w h e r e  T i s  tra n sm itta n c e , A i s  a b so r b a n c e , I0 i s  th e  l ig h t  in te n s ity  w ith o u t  a b so rp tio n , 
I  is  th e  in te n s ity  o f  l ig h t  w h ic h  h a s  p a s s e d  th r o u g h  th e  s a m p le , t i s  th e  sa m p le  
th ic k n e s s ,  a  i s  th e  m o le c u la r  a b so r p tio n  c o e f f ic ie n t  an d  c i s  th e  c o n c e n tr a tio n  o f  
m a te r ia l u n d er  test.
Instrumentation of FTIR
T h e  F T IR  sp e c tr a  w e r e  m e a su r e d  u s in g  a  P e r k in  E lm e r  F T -IR  s y s te m . T h e  sc a n n in g  
r e s o lu t io n  w a s  2  c m '1. A  D e u te r a te d  T r ig ly c in e  S u lp h a te  (D T G S )  d e te c to r  w a s  u sed  
fo r  th e  r e f le c te d  b e a m . A l l  s c a n s  w e r e  p e r fo r m e d  at r o o m  tem p e ra tu r e  an d  n o rm a l 
a tm o sp h e r ic  c o n d it io n s .
5.5.2 Raman Spectroscopy
W h e n  a  b e a m  o f  l ig h t , o f  a  w a v e le n g t h  n o t  c o r r e sp o n d in g  to  a n  a b so r p tio n  in  th e  
s a m p le , p a s s e s  th r o u g h  it, a  s m a ll fra c tio n  o f  th e  lig h t  i s  sc a tter ed  b y  th e  m o le c u le s ,  
an d  s o ,  e x i t s  th e  s a m p le  at a  d iffe r e n t  a n g le . T h is  is  c a l le d  R a y le ig h  sc a tte r in g  i f  th e  
w a v e le n g th  o f  th e  s c a tte r e d  lig h t  is  th e  sa m e  as th e  o r ig in a l w a v e le n g th ;  b u t, i f  th e  
w a v e le n g th  is  d if fe r e n t , it i s  c a l le d  R a m a n  sc a tter in g . D if f e r e n c e s  in  w a v e le n g th s
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c o r r e sp o n d  to  th e  w a v e le n g th  o f  c e r ta in  v ib r a tio n a l an d  r o ta t io n a l p r o c e s s e s .  T h e  
in fo r m a tio n  o b ta in e d  is  o f  u s e  in  stru ctu ra l c h e m is tr y , b e c a u s e  th e  r u le s  a l lo w in g  and  
fo r b id d in g  tr a n s it io n s  are d iffe r e n t  fr o m  th o s e  in  a b so r p tio n  s p e c tr o s c o p y .
In  R a m a n  s p e c tr o s c o p y , th e  s a m p le  is  irrad ia ted  w ith  a n  in te n s e  so u r c e  o f  
m o n o c h r o m a t ic  ra d ia tio n . G e n e r a lly  th is  r a d ia t io n  fr e q u e n c y  i s  m u c h  h ig h e r  th a n  th e  
v ib r a t io n a l fr e q u e n c ie s  b u t lo w e r  th a n  th e  e le c tr o n ic  fr e q u e n c ie s . T h e  ra d ia tio n  
sc a tte r e d  b y  th e  sa m p le  is  a n a ly z e d  in  th e  sp e c tr o m e te r . R a y le ig h  sc a tte r in g  c a n  b e  
lo o k e d  o n  as a n  e la s t ic  c o l l i s io n  b e t w e e n  th e  in c id e n t  p h o to n  an d  th e  m o le c u le .  S in c e  
th e  r o ta t io n a l a n d  v ib r a tio n a l e n e r g y  o f  th e  m o le c u le  i s  u n c h a n g e d  in  an  e la s tic  
c o l l i s io n ,  th e  e n e r g y  a n d  th e r e fo r e  th e  fr e q u e n c y  o f  th e  sc a tte r e d  p h o to n  is  th e  sa m e  
a s  th a t o f  th e  in c id e n t  p h o to n . T h is  is  b y  far th e  s tr o n g e s t  c o m p o n e n t  o f  th e  sca ttered  
ra d ia tio n . T h e  R a m a n  e f f e c t  c a n  b e  lo o k e d  o n  as a n  in e la s t ic  c o l l i s io n  b e tw e e n  th e  
in c id e n t  p h o to n  an d  th e  m o le c u le  w h e r e ,  a s a re su lt  o f  th e  c o l l i s io n ,  th e  v ib ra t io n a l or  
r o ta t io n a l e n e r g y  o f  th e  m o le c u le  is  c h a n g e d  b y  an  a m o u n t AEm. In  o rd er  that en e r g y  
m a y  b e  c o n s e r v e d , th e  e n e r g y  o f  th e  s c a tte r e d  p h o to n , h m u s t  b e  d iffe r e n t  fro m  th e
e n e r g y  o f  th e  in c id e n t  p h o to n  h b y  a n  a m o u n t e q u a l to  AEm [1 2 9 ]:
hvi .h v s = AEm ( 5 .2 2 )
In  R a m a n  sc a tte r in g , th e  fr e q u e n c y  o f  th e  in c id e n t  p h o to n  i s  u s u a lly  m u c h  greater  
th a n  th e  m o le c u la r  f r e q u e n c y  vm. I f  a  m o le c u le  g a in s  e n e r g y , th e n  AEm i s  p o s it iv e
a n d  vs < Vj w h ic h  r e su lts  in  S to k e s  l in e s  in  th e  R a m a n  sp e c tr u m . T h is  te r m in o lo g y  
a r o se  fr o m  S to k e s  r u le  o f  f lu o r e s c e n c e  w h ic h  sta te d  that f lu o r e s c e n t  r a d ia t io n  a lw a y s  
o c c u r s  at lo w e r  fr e q u e n c ie s  th a n  th a t o f  th e  e x c ita t io n  ra d ia tio n . I f  a m o le c u le  lo s e s  
e n e r g y , th e n  AEm i s  n e g a t iv e  a n d  vs >  v / w h ic h  r e su lts  is  a n t i-S to k e s  l in e s  in  th e
R a m a n  sp e c tr u m . In  o rd er  fo r  a m o le c u la r  v ib r a t io n  to  b e  R a m a n  a c t iv e ,  th e  v ib r a tio n  
m u s t  b e  a c c o m p a n ie d  b y  a c h a n g e  in  th e  p o la r iz a b il ity  o f  th e  m o le c u le  [1 2 9 ] .
F ig .  5 .9  s h o w s  th e  m e c h a n is m s  o f  R a m a n  sc a tte r in g  [ 1 3 0 ] .  In  th e  c a s e  o f  S to k e s  
l in e s ,  th e  m o le c u le s  at v  =  0  i s  e x c it e d  to  th e  v  =  1 s ta te  b y  sc a tte r in g  l ig h t  o f  
f r e q u e n c y  v  - V i. A n t i-S to k e s  l in e s  a r ise  w h e n  th e  m o le c u le  in it ia l ly  in  th e  v  =  1 sta te
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sc a tte r s  r a d ia tio n  o f  fr e q u e n c y  v  +  v i  a n d  re v er ts  to  th e  v  =  0  sta te . S in c e  th e  
p o p u la t io n  o f  m o le c u le s  is  la rg er  at v  =  0  th a n  at v  =  1 ( M a x w e l l-B o ltz m a n n  
d is tr ib u tio n  la w ) ,  th e  S to k e s  l in e s  are a lw a y s  s tro n g er  th a n  th e  a n ti-S to k e s  lin es .
V ir tu a l s ta te s
v=l
v = 0
S to k e s
>
+
A n t i-S to k e s
F ig u r e  5 .9  M e c h a n is m s  o f  R a m a n  sc a tter in g .
Instrumentation
R a m a n  d a ta  w e r e  r e c o r d e d  u s in g  a J o b in -Y v o n  M ic r o -R a m a n  S p e c tr o s c o p y  S y s te m  
L ab R am ®  H R - 8 0 0  u s in g  a 3 2 5  n m  H e -C d  la ser . In te g r a t io n  t im e  w a s  5 s e c  an d  10  
sp e c tr a  w e r e  a v e r a g e d  fo r  e a c h  m e a su r e m e n t.
5.6 Measurement of X-ray diffraction (XRD)
X -r a y  d iffr a c t io n  is  a  v e r s a t i le ,  n o n -d e s tr u c t iv e  a n a ly t ic a l te c h n iq u e  fo r  id e n tif ic a t io n  
a n d  q u a n tita t iv e  d e te r m in a tio n  o f  th e  v a r io u s  c r y s ta llin e  fo r m s , k n o w n  a s  ‘p h a s e s ’, o f  
c o m p o u n d s  p r e se n t  in  p o w d e r  an d  s o l id  sa m p le s . Id e n t if ic a t io n  is  a c h ie v e d  b y  
c o m p a r in g  th e  x -r a y  d if fr a c t io n  p a ttern  o r  ‘d if fr a c to g r a m ’-o b ta in e d  fr o m  an  u n k n o w n  
sa m p le  w ith  an  in te r n a tio n a lly  r e c o g n iz e d  d a ta b a se  c o n ta in in g  r e fe r e n c e  p a ttern s fo r
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m o r e  th a n  7 0 ,0 0 0  p h a se s . M o d e m  c o m p u te r -c o n tr o lle d  d if fr a c to m e te r  sy s te m s  u s e  
a u to m a tic  r o u tin e s  to  m e a su r e , r e c o r d  an d  in terp ret th e  u n iq u e  d iffra c to g ra m s  
p r o d u c e d  b y  in d iv id u a l c o n s t itu e n ts  in  e v e n  h ig h ly  c o m p le x  m ix tu r e s .
5.6.1 Principles
W h e n  a n  in c id e n t  X -r a y  b e a m  im p in g e s  u p o n  th e  la tt ic e  p la n e s  in  a  c r y sta l, g en er a l 
sc a tte r in g  o c c u r s , s u c h  th a t th e  s c a tte r e d  w a v e s  in te r fe r e  w it h  a n d  d e s tr o y  o n e  
an oth er . In  ce r ta in  s p e c i f ic  d ir e c t io n s , h o w e v e r ,  th e  sc a tter ed  w a v e s  are in  p h a se  w ith  
o n e  a n o th e r  an d  c o m b in e  to  fo rm  n e w  w a v e - fr o n ts . T h is  c o n s tr u c t iv e  in te r fe r e n c e  is  
k n o w n  a s  d iffr a c t io n . T h e  d ir e c t io n  in  w h ic h  d iffr a c t io n  o c c u r s  d e p e n d  u p o n  th e  s iz e  
an d  sh a p e  o f  th e  u n it  c e l l  o f  th e  c r y s ta l, w h e r e a s  th e  in te n s ity  o f  th e  d iffr a c t io n  is  
d e te r m in e d  b y  th e  a c tu a l a to m ic  array  o r  th e  n atu re  o f  th e  c r y s ta l stru ctu re.
V o n  L a u e , w h o ,  w ith  F r ie d r ic h  an d  R n ip p in g , d is c o v e r e d  th e  d if fr a c t io n  o f  X -r a y s  b y  
c r y s ta ls  in  1 9 1 2 , in te rp re te d  th e  o b s e r v e d  d iffr a c t io n  p a ttern s in  te r m s  o f  a th e o r y  
a n a lo g o u s  to  th a t u s e d  to  treat d if fr a c t io n  b y  g ra tin g s , e x te n d e d  to  th r ee  d im e n s io n s .  
O n  th e  o th e r  h a n d , W . L . B r a g g , w h o  w o r k e d  o u t  th e  f ir st c r y s ta l s tru ctu res w ith  h is  
fa th er  in  1 9 1 3  [ 1 3 1 ] ,  s h o w e d  that th e  a n g u la r  d is tr ib u tio n  o f  sc a tte r e d  ra d ia tio n  c o u ld  
b e  u n d e r s to o d  b y  c o n s id e r in g  that th e  d iffr a c te d  b e a m s  b e h a v e d  as i f  th e y  w e r e  
r e f le c te d  fr o m  p la n e s  p a s s in g  th r o u g h  p o in ts  o f  th e  c r y s ta l la t t ic e . T h is  “r e f le c t io n ” is  
a n a lo g o u s  to  th a t fro m  a m irror, fo r  w h ic h  th e  a n g le  o f  in c id e n c e  o f  ra d ia tio n  is  eq u a l 
to  th e  a n g le  o f  r e f le c t io n .
W h e n  a m o n o c h r o m a t ic  x -r a y  b e a m  w ith  w a v e le n g th  X i s  in c id e n t  o n  la t t ic e  p la n e s  in  
a  c r y s ta l at an  a n g le  6, d if fr a c t io n  o c c u r s  o n ly  w h e n  th e  d is ta n c e  tr a v e lle d  b y  th e  rays  
r e f le c te d  fr o m  s u c c e s s iv e  p la n e s  d iffe r s  b y  a n  in te g r a l m u lt ip le  o f  th e  w a v e le n g th ,
F r o m  s u c h  c o n s id e r a t io n s  B r a g g  d e r iv e d  th e  fa m o u s  e q u a tio n  th a t n o w  b ea rs h is  
n a m e  [1 3 2 ]:
nX=2dsinO (5.23)
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w h e r e , n is  an  in te g e r , A i s  th e  w a v e le n g th  o f  th e  X -r a y s , d  i s  th e  p erp en d icu la r  
s p a c in g  b e tw e e n  th e  la t t ic e  p la n e s  in  th e  cr y sta l an d  9  i s  th e  c o m p le m e n t  o f  th e  a n g le  
o f  in c id e n c e  o f  th e  X -r a y  b e a m  (a n d  th u s a lso  th e  c o m p le m e n t  o f  th e  a n g le  o f  
sc a tte r in g  o r  “r e f le c t io n ” ). S in c e  it a p p ea rs a s i f  r e f le c t io n  h a s  o c c u r r e d  fr o m  th e se  
la t t ic e  p la n e s , w ith  th e  d irect b e a m  d e v ia te d  b y  th e  a n g le  2 9  fr o m  its  o r ig in a l  
d ir e c t io n , d iffr a c te d  b e a m s  are c o m m o n ly  re ferred  to  as “r e f le c t io n s ” .
B y  v a r y in g  th e  a n g le  0 ,  th e  B r a g g ’s L a w  c o n d it io n s  are s a t is f ie d  b y  d iffe r e n t  d- 
s p a c in g s  in  p o ly c r y s ta l l in e  m a te r ia ls . P lo t t in g  th e  a n g u la r  p o s it io n s  a n d  in te n s it ie s  o f  
th e  re su lta n t d if fr a c t io n  p e a k s  p r o d u c e s  a  p a ttern  w h ic h  i s  ch a r a c te r is tic  o f  th e  
s a m p le . W h e n  a  m ix tu r e  o f  d iffe r e n t  p h a s e s  is  p r e se n t, th e  d iffr a c to g r a m  is  fo rm ed  
b y  a d d it io n  o f  th e  in d iv id u a l p a ttern s.
F ig u r e  5 .1 0  X -r a y  d iffr a c t io n  fro m  a to m s in  a c r y s ta ll in e  m a te r ia l.
T h e  B r a g g  e q u a tio n  c a n  b e  d e r iv e d  b y  c o n s id e r in g  that th e  p a th  d if fe r e n c e  b e tw e e n  
w a v e s  s c a tte r e d  fr o m  a d ja c e n t  p a r a lle l la t t ic e  p la n e s  m u s t  b e  an  in te g r a l n u m b e r  o f
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w a v e le n g th s .  T h e  e q u a tio n  is  s a t is f ie d  a n d  th u s d iffr a c t io n  m a x im a  o c c u r , o n ly  w h e n  
th e  r e la t io n  o f  w a v e le n g th , in terp la n a r  s p a c in g  an d  a n g le  o f  in c id e n c e  is  ap propriate . 
I f  a  n e a r ly  m o n o c h r o m a t ic  b e a m  o f  X -r a y s  is  u se d  w ith  a s in g le  c r y s ta l sp e c im e n ,  
d iffr a c t io n  m a x im a  w i l l  b e  o b se r v e d  o n ly  fo r  s p e c ia l  v a lu e s  o f  th e  a n g le  o f  in c id e n c e  
o f  th e  b e a m  o f  x -r a y s  an d  n o t  fo r  a n y  arb itrary  a n g le . I f  th e  c r y s ta l i s  ro ta ted  in  th e  
b e a m , a d d it io n a l d iffr a c te d  b e a m s  w i l l  b e  fo r m e d  at ce r ta in  r o ta t io n  a n g le s . T h e se  
“r e f le c t io n s ” w i l l  o n ly  o c c u r  w h e n  th e  a n g le  o f  in c id e n c e  o f  th e  X -r a y  b e a m  is  su ch  
a s  to  s a t is fy  e q u a tio n  ( 5 .2 3 )  fo r  s o m e  se t  o f  la t t ic e  s p a c in g s  p r e se n t  in  th e  cr y sta l, that 
is ,  X, d  an d  0  m u s t  a ll  b e  su c h  that th e  B r a g g  e q u a tio n  h o ld s .
Instrumentation of XRD
X -r a y  d iffr a c t io n  a n a ly s is  o n  th e  f i lm s  w a s  p e r fo r m e d  b y  u s in g  a  P h i l ip s  X ’P ert X R D  
s y s te m . T h e  sc a tte r in g  in te n s it ie s  w e r e  r e c o r d e d  a s  a  fu n c t io n  o f  d if fr a c t io n  a n g le .
T h e  sc a n  step  w a s  0 .0 5  d e g . an d  s c a n  t im e  p e r  step  w a s  0 .5  s e c .  T h e  in c id e n t  b ea m
0
w a s  C u  K a  r a d ia t io n  ( 1 = 1 .5 4  A ).
5.7 Measurement of X-ray photoelectron spectroscopy (XPS)
5.7.1 The basic XPS experiment
O f  a ll  th e  c o n te m p o r a r y  su r fa c e  c h a r a c te r iz a t io n  m e th o d s , X -r a y  p h o to e le c tr o n  
s p e c tr o s c o p y  ( X P S )  i s  th e  m o s t  w id e ly  u s e d  te c h n iq u e . T h e  p o p u la r ity  o f  X P S  as a 
su r fa c e  a n a ly s is  t e c h n iq u e  is  a ttr ib u ted  to  it s  h ig h  in fo r m a tio n  c o n te n t , its  f le x ib i l i ty  
in  a d d r e s s in g  a  w id e  v a r ie ty  o f  s a m p le s  an d  its  so u n d  th e o r e t ic a l b a s is .  X P S  h a s  its  
o r ig in s  in  th e  in v e s t ig a t io n s  o f  th e  p h o to e le c tr ic  e f f e c t  (d is c o v e r e d  b y  H e r tz  in  1 8 8 7 )  
in  w h ic h  X -r a y s  w e r e  u s e d  a s th e  e x c it in g  p h o to n  so u r c e . B e fo r e  th e  F ir st  W o r ld  W ar  
se v e r a l g r o u p s  a n a ly z e d  th e  e n e r g ie s  o f  th e  e le c tr o n s  e m itte d  fro m  m e ta ls  b o m b a rd ed  
b y  h ard  X -r a y s ,  th e  m o s t  p r o m in e n t  o f  w h ic h  w a s  R u th e r fo r d ’s g ro u p  in  M a n ch este r . 
T h is  g ro u p  h a d  e x t e n s iv e  e x p e r ie n c e  o f  th e  m e a su r e m e n t  o f  X -r a y  sp ec tr a  from  
r a d io a c t iv e  m a te r ia ls  u s in g  m a g n e t ic  a n a ly s is  an d  w a s  fu r th er m o r e , at th e  fo re fro n t  
o f  X -r a y  s p e c tr o s c o p y . T h e  e a r ly  e x p e r im e n ts  w e r e  carr ied  o u t  b y  M o s e le y ,  
R a w lin s o n  an d  R o b in s o n  b e fo r e  th e  o u tb re a k  o f  F ir st W o r ld  W ar. In d e e d , in  1 9 1 4  
R u th e r fo rd  m a d e  a  f ir s t  stab  [1 3 3 ]  at s ta tin g  th e  b a s ic  e q u a tio n  o f  X P S ,  w h ic h  w a s  
s u b s e q u e n t ly  m o d if ie d  to
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EK = h v - E B ( 5 .2 4 )
w h e r e , Ek is  th e  p h o to e le c tr o n  k in e t ic  e n e r g y , h v  th e  e x c it in g  p h o to n  e n e r g y  an d  EB 
th e  e le c tr o n  b in d in g  e n er g y .
T h e  b a s ic  X P S  e x p e r im e n t  i s  i llu s tr a te d  in  f ig . 5 .1 1  [ 1 3 4 ] .  T h e  su r fa c e  to  b e  a n a ly z e d  
is  f ir s t  p la c e d  in  a v a c u u m  e n v ir o n m e n t  and  th e n  irra d ia ted  w ith  p h o to n s . F o r  X P S ,  
th e  p h o to n  s o u r c e  is  in  th e  X -r a y  e n e r g y  ra n g e . T h e  a to m s  c o m p r is in g  th e  su rfa ce  
e m it  e le c tr o n s  (p h o to e le c tr o n s )  a fter  d ir e c t  tra n sfer  o f  e n e r g y  fro m  th e  p h o to n  to  th e  
c o r e - le v e l  e le c tr o n . T h e s e  e m itte d  e le c tr o n s  are s u b s e q u e n t ly  se p a r a te d  a c c o r d in g  to  
e n e r g y  an d  c o u n te d . T h e  e n e r g y  o f  th e  p h o to e le c tr o n s  is  r e la te d  to  th e  a to m ic  and  
m o le c u la r  e n v ir o n m e n t  fro m  w h ic h  t h e y  o r ig in a te d . T h e  n u m b e r  o f  e le c tr o n s  e m itte d  
i s  r e la te d  to  th e  c o n c e n tr a tio n  o f  th e  e m it t in g  a to m  in  th e  s a m p le .
(a)
Ol5 photoejected electron
F ig u r e  5 .1 1  (a )  A  su r fa c e  irra d ia ted  b y  a  p h o to n  so u r c e  o f  s u f f ic ie n t ly  h ig h  e n e r g y  
w il l  e m it  e le c tr o n s . I f  th e  lig h t  s o u r c e  is  in  th e  X -r a y  e n e r g y  ra n g e , th is  is  th e  X P S  
e x p e r im e n t, (b ) T h e  X -r a y  p h o to n  tra n sfers  its  e n e r g y  to  a  c o r e - le v e l  e le c tr o n  
im p a r tin g  e n o u g h  e n e r g y  fo r  th e  e le c tr o n  to  le a v e  th e  a to m .
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XPS is an information-rich method. The most basic XPS analysis of a surface 
provides qualitative and quantitative information on all the elements present (except 
H and He).
5.7.2 X-ray interaction with matter, the photoelectron effect and photoemission 
from solids
An understanding of the photoelectric effect and photoemission is essential in order 
to appreciate the surface analytical method, XPS. When a photon impinges upon an 
atom, one of three events may occur: (1) the photon can pass through with no 
interaction; (2) the photon can be scattered by an atomic orbital electron leading to 
partial energy loss; and (3) the photon may interact with an atomic orbital electron 
with total transfer of the photon energy to the electron, leading to electron emission 
from the atom. In the first case, no interaction occurs. The second possibility is 
referred to as ‘Compton scattering’ and can be important in high-energy process. The 
third process accurately describes the photoemission that is the basis of XPS. Total 
transfer of the photon energy to the electron is the essential element of 
photoemission.
Let us examine four observations associated with this photoelectric effect in more 
detail. First, no electrons will be ejected from an atom regardless of the illumination 
intensity unless the frequency of excitation is greater than or equal to a threshold 
level characteristic for each element. Thus, if the frequency (energy) of the excitation 
photon is too low, no photoemission will be observed. As the energy of this photon is 
gradually increased, at some value, we will begin to observe the photoemission of 
electrons from the atom. Second, once the threshold frequency is exceeded, the 
number of electrons emitted will be proportional to the intensity of the illumination. 
Third, the kinetic energy of the emitted electrons is linearly proportional to the 
frequency of the exciting photons-if we use photons of higher energy than our 
threshold value, the excess energy of the photons above the threshold value will be 
transmitted to the emitted electrons. Finally, the photoemission process from 
excitation to emission is extremely rapid (10'16 s).
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Instrumentation of XPS
XPS analysis of the samples was carried with a VG-Scientific ESCA-LAB analyzer 
using a A1 Ka (1486.6 eV) X-ray source operating at 240 W. Step size was 0.5 eV 
for wide scans, while 0.1 eV was used for narrow scans. The binding energies were 
calibrated with reference to C Is peak at 284.8 eV.
5.8 Measurement of Transmittance
UV-VIS spectroscopy is one of the oldest methods in molecular spectroscopy. The 
definitive formulation of the Bouguer-Lambert-Beer law in 1852 [135] created the 
basis for the quantitative evaluation of absorption measurements at an early date. 
This led firstly to colorimetry, then to photometry and finally to spectrophotometry. 
This evolution ran parallel with the development of detectors for measuring light 
intensities, i.e. from the human eye via the photo-element and photocell, to the 
photomultiplier and from the photographic plate to the present silicon-diode detector 
both of which allow simultaneous measurement of the complete spectrum.
There are two classes of spectra, namely emission and absorption spectra. An 
emission spectrum is obtained by analysing the light emitted by a luminous source. 
An absorption spectrum is obtained by the spectroscopic analysis of the light 
transmitted by an absorbing medium which is placed between the light source and 
the spectroscope.
When a molecule absorbs radiation, its energy increases. This increase is equal to the 
energy of the photon as expressed by the relation
E = hv = hc/X (5.25)
where h is Planck’s constant, v and X are the frequency and the wavelength of the 
radiation respectively and c is the velocity of light. The change in energy may be in 
the electronic, vibrational or rotational energy of the molecule. Changes in electronic 
energy involve relatively large quanta. Changes in vibrational energy involve smaller 
quantities of energy and changes in rotational energy involve quanta even smaller 
than those of vibrational energy.
8 6
Optical transmission or absorption of transparent, insulating and emission films in 
EL display devices influences the characteristics of the EL devices directly. 
Impurities in films determine the spectra in the uv-visible range and properties of 
films. Optical transmission or absorption measurements are used to determine the 
properties of the films.
During transmission measurements light is incident on the film and the transmitted 
light is measured as a function of wavelength. The transmittance T of a film with 
identical front and back reflection coefficient and light incident normal to the film 
surface is given by [136]
T - ______ 0 —R)—--------------------------  (5 26)
1 + R2e~2ad -  2Re"œ/ cos(^)
where $ = a  is the absorption coefficient and the reflectance R is given by
[136]
I (5.27)
(«0 +«,) +k ,
where no and nj are the refractive indices of the film corresponding to two successive
peaks of the transmission curve. The absorption coefficient is related to the
extinction coefficient k/ by a  = 4M//À
Instrumentation
Transmittance of the films was measured by using a monochromator-based Perkin 
Elmer Instrument UV/VIS Spectrometer.
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Chapter 6
IN S U L A T IN G  M A T E R IA L S
6.1 Introduction
Thin film electroluminescent (TFEL) devices provide an attractive alternative for 
solid state flat panel displays [137]. Dielectric materials play a decisive role in the 
performance of these Metal-Insulator-Semiconductor-Insulator-Metal (MISIM) 
structures [28,29,137,138], Under actual operating conditions, very high electrical 
fields of the order of 100-200 MY/m are applied to the phosphor layer [139]. The 
role of the dielectric materials is to prevent the device breakdown under these high 
electric fields. Most important of all, a dielectric with a high permittivity lowers the 
operation threshold voltage as it increases the electric field in the emitting layer for a 
same applied voltage.
Generally, ac thin film electroluminescent devices consist of a triple layer structure, 
namely, an active layer sandwiched between two insulating layers. Because of this 
sandwich structure, undesirable leakage current flowing through the device is 
prevented. Consequently, the device can keep a sufficiently high electric field for EL 
operation across the active layer without breakdown.
AC thin film electroluminescent devices impose rather stringent requirements on the 
properties of the insulating layers, which have limited the number of insulating 
materials suitable for practical devices. The most important requirements for the 
insulating layers are (1) a high dielectric constant, (2) a high electric field and (3) a 
uniform thickness. Of these requirements, the dielectric constant and electric field 
strength are material dependent, while the thickness uniformity is process dependent. 
A number of studies have reported attempts at finding suitable insulators for TFEL 
device applications having the highest figure of merit, which is defined as the 
product of dielectric constant and breakdown electric field [140]. This figure of 
merit, which indicates the maximum-trapped charge density for an insulating 
material, is of the order of 4-6 |j.C/cm2 in classical TFEL devices [30]. There are
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various types of insulating materials, such as TiC>2, SiC>2, AI2O3, Ta205, BaTiOs, 
Y2O3, PbTi03 or SiaN4, which can be used as the insulating layer in thin film 
electroluminescent devices. Among these materials, the electrical, optical and 
structural properties of titanium dioxide (Ti02) and tantalum oxide (Ta205) thin films 
have been studied in this work.
6.2 Titanium Dioxide (TiCh) Thin Films Deposited by Sol-gel Process
6.2.1 Introduction
Because of their high dielectric constant, titanium dioxide (TiC^) films have attracted 
much attention for use in thin film electroluminescent devices as insulators. Titanium 
dioxide (TiC>2) has many interesting physical properties which make it suitable for 
thin film applications. Because of their good transmittance in the visible region, high 
refractive index and chemical stability, Ti02 films have found wide application for 
various optical coatings [141-144], The high dielectric constant, 8, of Ti02 opens up 
prospects for the use of Ti02 thin films in microelectronic devices, e.g. in capacitors 
or as a gate dielectric in metal-dielectric-semiconductor devices [145,146]. During 
the last decade Ti02 films have been suggested as photoanodes in the process of 
photoelectrolysis of water in solar energy conversion systems [147-149] and as 
electrochromic materials for display devices [149,150].
Because of their wide usefulness, a number of techniques have been used to prepare 
Ti02 thin films, such as thermal [151] or anodic oxidation [152], sputtering [153- 
155], pyrolysis [156,157], chemical vapor deposition (CVD) [158,159], including 
plasma-enhanced chemical vapor deposition [160] and more recently by the sol-gel 
method [161-164],
In comparison with other oxide film technologies the sol-gel process has the 
following advantages:
(i) it gives a wide possibility to vary the film properties by changing the composition 
of the solution (change in film microstructure, introduction of dopants, etc.);
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(ii) low process cost, specially for large-scale substrates (e.g. TiC>2 antireflective 
coatings of photovoltaic solar cells prepared by the sol-gel method cost 20-40 times 
less than those obtained by vacuum coating techniques [143];
(iii) while for thin films applied by vacuum techniques it is difficult to provide a 
stoichiometric ratio of the elements [113] and appropriate quality of the dielectric- 
semiconductor interface (as a result of bombardment of the substrate by high energy 
particles), the sol-gel method allows one to overcome these problems.
The following section describes the preparation of titanium dioxide thin films by the 
sol-gel process. Electrical, optical and structural properties of as-deposited thin films 
and films annealed at different temperatures in the presence of air, oxygen and 
nitrogen are also studied.
6.2.2 Experimental procedure
Three different solutions with 50 ml, 100 ml and 150 ml of ethanol were used to 
prepare the thin films of TiC>2. Among them, the following recipe was found best for 
the preparation of Ti02 thin films. The quality of the Ti02 films prepared from the 
solutions with 50 ml and 150 ml of ethanol was not good and they came off the 
substrate after multiple coating and also after high temperature annealing.
Titanium dioxide thin films have been formed on silicon and glass substrates by the 
sol-gel method as shown in fig.6.1. 100 ml of ethanol (C2H5OH) was added to 0.1 
mol of titanium tetra-isopropoxide [Ti(0 -i-C3H7)4] which was cooled with ice and 
stirred. 100 ml of ethanol was mixed with 0.15 mol of water and 5 mmol of 
hydrochloric acid. The C2H5OH/H2O/HCI solution was added to the Ti(0-i- 
C3H7)4/C2H5OH solution under stirring and cooling with ice.
Titanium dioxide gel films were obtained by dipping the substrates into the titanium 
dioxide solution and pulling them up at 0.6 cm/sec. The titanium dioxide films were 
subjected to heat-treatment at 260°C for 10 minutes. The thickness of the film was 
approximately 70 nm for each dipping. By repeating the above procedure, titanium 
dioxide films of different thickness were obtained.
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For electrical measurements, a metal-insulator-semiconductor (MIS) structure with 
A1 clectrodes was fabricated. A1 electrodes with 1.8 mm diameter were prepared by 
using a shadow mask in an Edwards Coating System E306A. Capacitance was 
measured by using a Boonton Electronics Capacitance meter at 1 Mhz frequency. 







Mixing under stirring at 0°C
I
Addition of alcoholic solution at 0°C
100 ml C2H5 OH
0.15 mol H ,0
0.005 mol HC1
T
Hydrolysis at room temperature
i
T i0 2 sol solution
I
Dipping|)f Si substrate 
Heat treatment at 260UC for 10 min.
I
----------------TiOj film
Figure 6.1 Preparation process of titanium dioxide film by sol-gel process.
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6.2.3 Results and discussion
6.2.3.1 Electrical Properties
Capacitance-voltage measurements were performed using the Al/TiCVp-Si structure 
to determine the dielectric constant of the TiC>2 layer. The capacitance was 
measured at a frequency of 1 Mhz at room temperature, while the d.c. bias was swept 
between +5 and -5 V. A typical C-V curve for one of the as-deposited Al/TiCVp-Si 
samples is shown in fig. 6.2. The insulator capacitance was taken as the maximum 
capacitance when the metal-insulator-semiconductor (MIS) diode was in 
accumulation, i.e. at —5 V bias.
Bias Voltage (V)
Figure 6.2 Typical capacitancc-Voltage characteristics for the as-deposited
Al/TiCVp-Si sample.
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Fig. 6.3 shows the dielectric constant of the Ti02 films as a function of annealing 
temperature in air, oxygen and nitrogen. The dielectric constant of the Ti02 film was 
calculated from the maximum capacitance and it was found to be approximately 26 
for the as-deposited film. From the figure, it is seen that dielectric constant of the 
films increased upon annealing at higher temperature in all cases and it varies from 
75 to 82 annealed at 700°C in different atmosphere. The reason for this increase in 
dielectric constant with annealing temperatue is assumed to result from some film 
densification and crystallisation of minor amorphous phase in the as-deposited films 
that occurred during the heat treatment [165].
Annealing Temperature (°C)
Figure 6.3 Variation of dielectric constants as a function of annealing temperature
Fig. 6.4, 6.5 and 6.6 show the leakage current variations with electric field for the as- 
deposited Ti02 films and the films annealed at different temperatures in the presence 
of air, oxygen and nitrogen respectively. From the figures, it is seen that as the 
applied field increases, the leakage current increases parabolically up to a saturation
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point at each annealing temperature and the leakage current decreases upon 
annealing at higher temperatures in all the cases. The shape of the curves suggests 
that the conduction mechanism in these films corresponds to the Fowler-Nordheim 
(FN) tunneling process [166]. The leakage current for the as-deposited film is 
approximately 5.0xl0'5 A/cm2 at 1 MV/cm and it decreases to 6.0xl0'6 A/cm2 upon 
annealing at 700°C in different atmosphere. The leakage current densities for the 
700°C annealed films are 6.6xl0'6 A/cm2, 6.0xl0'6 A/cm2 and 6.8xl0'6 A/cm2 
annealed in presence of air, oxygen and nitrogen respectively. So the best leakage 
property of the films was achieved after annealing at 700°C in presence of oxygen in 
accordance with the results of fig. 6.4, 6.5 and 6 .6. Electric breakdown was observed 
at a field strength of 2.7 MV/cm. The as-deposited film exhibits high leakage current. 
This may be attributed to an inferior film structure containing a high density of 
oxygen vacancies and high defect density due to carbon contamination [167-170]. 
When the films are annealed at high temperature in atmosphere, oxygen molecules 
are broken by high temperature and produce excited atoms in single states which 
have one unoccupied electron orbital and therefore are thought to be strong electron 
trap levels. The excited oxygen atoms are adsorbed on the surface of the TiC>2 film 
and diffuse into it. Diffused excited atoms fill the oxygen vacancies in the TiC>2 
which are source of free electrons in the conduction band, accept free electrons and 
occupy the lattice site. As the annealing temperature increases, the concentration of 
the excited oxygen atoms increases, the number of vacancies decreases and the 
leakage current lowers. Upon annealing at higher temperature, a new interfacial 
silicon dioxide layer is formed between the TiC>2 film and the Si substrate which can 
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Figure 6.4 Current density vs. electric field characteristics for Ti02 films annealed at




Figure 6.5 Current density vs. electric field characteristics for TiC>2 films annealed at







Figure 6.6 Current density vs. electric field characteristics for Ti02 films annealed at
different temperatures in nitrogen.
Fig. 6.7 shows the variation of resistivity of TiCh films as a function of annealing 
temperature in air, oxygen and nitrogen. The resistivities, p, of the films were 
calculated from the I-V data [I=V/R and p=(V.A)/(I.t), where A is the area of A1 
contact and t is the thickness of the film]. From the figure, it is seen that the 
resistivity increases with the annealing temperature. The resistivities are measured 
for an electric field of 1 MV/cm. The as-deposited films have a resistivity of 
2.18x10*° Q-cm while the resistivities for 700°C annealed films are 1.66xlOn Q-cm, 
1.85xl0n Q-cm and 1.62xlOn Q-cm annealed in the presence of air, oxygen and 
nitrogen respectively. So the resistivity of the films annealed at 700°C are almost the 
same for air and nitrogen atmosphere and higher in oxygen atmosphere. The increase 
in resistivity at higher temperatures may be because of high temperature annealing, 
the entire TiC>2 film undergoes rapid lattice vibration, with rearrangement of its 
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Figure 6.7 Resistivity of Ti02 films as a function of annealing temperature in air,
oxygen and nitrogen.
6.2.3.2 Roughness
Ellipsometric measurements showed that the thickness of the Ti02 film deposited on 
silicon was approximately 70 nm for each dipping and the refractive index was 2.10. 
The average roughness (Ra) values were measured for Ti02 thin films annealed at 
different temperature in presence of air, oxygen and nitrogen. Fig.6.8 shows the 
variation of Ra with annealing temperature. Roughness of the substrate was measured 
to be 0.01 (J.m and for the as-deposited film 0.03 (xm. Roughness decreases with 
temperature and a small change in Ra was observed with varying the temperature due 
to the crystallisation effect. The instrument resolution was 0.01 jam, so we could not 
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Figure 6.8 Variation of Roughness as a function of annealing temperature annealed 
in air, oxygen and nitrogen for Ti02 film.
6.2.3.3 Structural Properties
6.2.3.3.1 Fourier Transform Infrared (FTTR) Spectroscopy
The bond configuration of Ti02 thin films was analysed by using FTIR in the 
wavenumber range from 400 to 4000 cm'1 for as-deposited films and films annealed 
at different temperatures in the presence of air, oxygen and nitrogen as shown in the 
fig.6.9, 6.10 and 6.11 respectively. The features at 3000-3700 cm'1 and 1300-1800 
cm'1 in the as-deposited films show that there are significant amounts of water and 
carbonaceous materials, whose presence was also reported by other authors 
[171,172], The spectrum of as-deposited Ti02 film exhibits a strong, broad 
absorption band in the region 400-800 cm'1. The presence of a broad band in this 
region corresponds to the formation of Ti-O and Ti-O-Ti bonds in the solutions and 
















Figure 6.9 The FTIR spectra for Ti02 films deposited on Si (100) annealed at
different temperatures in air.
Wavenumber (cm"1)
Figure 6.10 The FTIR spectra for Ti02 films deposited on Si (100) annealed at








Figure 6.11 The FTIR spectra for T1O2 films deposited on Si (100) annealed at 
different temperatures in nitrogen.
The cause of peak broadening related to the Ti-0 bond might come from the 
amorphous nature of T i02 thin film due to the incorporation of carbon and/or 
hydroxy] groups into the Ti-0 bond network. Carbon incorporation was detected by 
XPS analysis. Pronounced changes upon annealing were observed in the absorption 
bands related to Ti-O-Ti. The broad band between 400-800 cm’1 sharpened and 
increased in intensity with increasing the annealing temperature, corresponding to an 
increase in the degree of condensation. It was also found that water and its related 
materials in as-deposited Ti02 films were diminished after high temperature 
annealing. The peak at around 2350 cm'1 in all FTIR spectra is due to atmospheric 
absorption. From the FTIR spectra of TiC>2 films in three different atmospheres, we 
can see that the peak intensity corresponding to the Ti-0 bond increases with 
annealing temperatures in all the cases. So we can conclude that the bonding 
structure of the TiC>2 films are temperature dependent rather than atmosphere 
dependent.
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Fig. 6.12 shows the variation of full width at half maximum (FWHM) as a function 
of annealing temperature for the Ti-O-Ti absorption peak from the FTIR spectra 
annealed in air, oxygen and nitrogen. From the figure, it is seen that the width of the 
peak for the as-deposited film is very large where there is a sharp decrease in peak 
width upon annealing at high temperature showing the crystallisation of the films at 
high temperature.
Annealing Temperature (°C)
Figure 6.12 Variation of FWHM as a function of annealing temperature for the Ti-O- 
Ti absorption peak from the FTIR spectra annealed in air, oxygen and nitrogen.
6.2.3.3.2 Raman Spectroscopy
Fig. 6.13, 6.14 and 6.15 show the Raman spectra of a TKVSi structure annealed at 
different temperatures in air, oxygen and nitrogen respectively. The Raman 
scattering measurements were made using a 325 nm He-Cd laser. The as-deposited 
Ti02 film shows a broad spectrum with some indication of the anatase Raman
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modes. In the spectrum of the films annealed at 400°C and higher temperatures, 
emission bands typical of the anatase form appear at 399, 516 and 640 cm'1. The 
peak at 640 cm'1 is assigned to the anatase Eg mode and the peak at 399 cm'1 to the 
Big mode of the Ti02 anatase phase [175], The peak at 516 cm'1 is a doublet of Aig 
and Big modes of Ti02 anatase phase. The features in the spectrum are assigned to 
the characteristic Raman modes of anatase form [176], All the spectra show that the 
intensity of these bands increased upon annealing at higher temperatures. From the 
Raman spectra of TiO^ films, it can be concluded that the peak intensities are 
dependent on the annealing temperatures, not on the atmospheres.
Wavenumber (cm4)












Figure 6.14 Raman spectra for Ti02 films deposited on Si (100) annealed in oxygen
for different temperatures.
Wavenumber (cm'1)
Figure 6.15 Raman spectra for TiC>2 films deposited on Si (100) annealed in nitrogen
for different temperatures.
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6.2.3.3.3 X-ray Diffraction Spectroscopy
Fig. 6.16, 6.17 and 6,18 show the results of x-ray diffraction employing CuKa 
radiation for the sample having a Ti02  layer deposited on silicon substrate annealed 
at different temperatures. As-deposited TiOî films are basically amorphous. 
However, as the samples are annealed at 400°C and higher temperature, the structure 
of as-deposited films is converted from a fully amorphous state to anatase crystalline 
state, which could be confirmed by the appearance of peaks of (101), (103), (004),
(112), (200), (105) and (211) orientation. As is seen from the spectra, the positions 
of the peaks are in very good agreement with the Joint Committee on Powder 
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Figure 6.16 XRD spectra for T1O2 films annealed at different temperatures in
presence of air.
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Figure 6.18 XRD spectra for Ti02 films annealed at different temperatures in
presence of nitrogen.
1 0 5
In random orientation the (101)/(004) peak ratio is 5 if we calculate the ratio of the 
peak intensities from the standard data (See Appendix A). In this work, for the 
samples annealed at 700°C in all the atmospheres, the (101)/(004) peak ratio is also 
5. So we can say that the films are randomly oriented. From the XRD spectra, it is 
seen that the peak intensities increased with the annealing temperature annealed in 
air, oxygen and nitrogen. So it can be concluded that the crystallinity of TiC>2 films is 
improved upon annealing at higher temperatures and the Ti02 films show the same 
crystalline state in all the atmospheres indicating that the crystallinity of the films is 
temperature dependent and not on the atmosphere. X-ray diffraction scans were also 
carried out for the films deposited on glass substrates and this showed the similar 
behaviour.
6.2.3.3.4 X-ray Photoelectron Spectroscopy
The XPS spectrum of as-deposited titanium dioxide thin films deposited on a silicon 
wafer is shown in fig. 6.19. Photoelectron peaks for Ti, O and C were recorded for 
the TiC>2 film. The Ti 2p3/2 line is composed of a single peak at a binding energy of 
460.66 eV. The separation between the Ti 2p3/2 and Ti 2pi/2 peaks is 5.7 eV. The 
binding energy of the O Is photoelectron peak is 534 eV. A carbon C Is peak at a 
binding energy of 284 eV is also observed on the surface of the film. The presence of 
this peak is related to surface pollution which corresponds to the fact that the samples 
were exposed to air before the XPS measurements.
Fig. 6.20 shows the electron spectroscopy for chemical analysis (ESCA) spectrum of 
the Ti 2p region obtained on the surface of the TiC>2 film. Two pronounced features 
are observed at binding energies of 460.66 and 466.36 eV, evoked by the Ti 2p3/2 and 
Ti 2pi/2 states respectively. The measured binding energy of the Ti 2p3/2 peak and the 
splitting of the doublet (ABE=5.7 eV) indicate a +4 titanium oxidation state 





















Figure 6.19 XPS spectrum of as-deposited TiC>2 film on silicon.
Binding Energy (eV)
Figure 6.20 ESCA spectrum of the Ti 2p doublet for the as-deposited Ti02 film.
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6.2.3.4 Optical Properties
Fig. 6.21, 6.22 and 6.23 show the optical transmission spectra of Ti02 thin film with 
a thickness of approximately 210 nm deposited on glass annealed at various 
temperatures in air, oxygen and nitrogen respectively. The spectral transmittance was 
measured in the wavelength range from 200 to 900 nm. The transmission for the as- 
deposited Ti02 film is 83% and the maximum transmission rates are 90%, 90.11% 
and 90.5% annealed at 700°C in air, oxygen and nitrogen respectively. From the 
transmission spectra of Ti02 films, it is seen that the transmission increases with the 
annealing temperature in all the atmospheres and the atmosphere has no significant 
affect on the transmission. The oscillations in the spectrum are due to interferences in 
the Ti02 film due to reflection at the air-Ti02 and Ti02 - glass interfaces.
Wavelength (nm)
Figure 6.21 Optical transmission spectra for Ti02 films with a thickness of 210 nm 




Figure 6.22 Optical transmission spectra for T1O2 films with a thickness of 210 nm 
annealed at different temperatures in presence of oxygen.
Wavelength (nm)
Figure 6.23 Optical transmission spectra for Ti02 films with a thickness of 210 nm 
annealed at different temperatures in presence of nitrogen.
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The refractive index, n for the Ti02 films has been calculated from the transmittance 
vs. wavelength spectra. The square of the refractive index (n2) is proportional to the 
dielectric constant of the film. To compare these values with the dielectric constant 
calculated from the maximum value of capacitance, n is plotted against the 
annealing temperature for the Ti02 films annealed in the presence of air, oxygen and 
nitrogen, shown in fig. 6.24. If we compare this figure with fig. 6.3, we can see that 
both the figures show the same trend of behaviour.
Annealing Temperature (°C)
Figure 6.24 Variation of n2 vs. Temperature for Ti02 films annealed in air, oxygen
and nitrogen.
6.2.4 Conclusions
Titanium dioxide thin films have been successfully deposited by sol-gel process and 
annealed at different temperatures in the presence of air, oxygen and nitrogen. UV- 
visible spectroscopy shows that the as-deposited Ti02 films and the films annealed at 
high temperatures are transparent. X-ray diffraction spectra show that the as- 
deposited T i02 films are basically amorphous. However, if the films are annealed at
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high temperature, the structure of as-deposited films is converted from the 
amorphous state to the anatase crystalline state. From the optical transmission 
spectra, Fourier transmission infrared spectra, Raman spectra and X-ray diffraction 
spectra of the TiCh films annealed at different temperatures in different atmospheres, 
it is seen that the optical transmission, bonding structure and the crystallinity of the 
films depend on the annealing temperature and not on the atmosphere.
XPS analysis has shown that TiC>2 films deposited by sol-gel process are 
stoichiometric with carbon as the dominant impurity on the surface of the films.
The electrical properties of the as-deposited and annealed Ti02 thin films were 
characterised by C-V and I-V measurements. The I-V measurement shows that the 
leakage current density of the films decreases upon annealing at higher temperatures 
where this reduction in leakage current density is due to the reduction of the 
concentration of impurities such as carbon and the reduction of oxygen vacancies in
* 5 2TiCh films. The leakage current density for the as-deposited film was 5.0x1 O' A/cm , 
where a leakage current density as low as 6.0x1 O'6 A/cm2 at an electric field of 1 
MV/cm can be achieved annealing at 700°C in presence of oxygen. The leakage 
currents are 6.6x1 O'6 A/cm2 and 6 .8x1 O'6 A/cm2 annealed at 700°C in air and nitrogen 
respectively, which are higher than that in oxygen.
The dielectric constant obtained from the maximum capacitance of the Al/Ti02/Si 
structure under the accumulation condition varies from 75 to 82 for the annealed 
films deposited by this sol-gel process which is higher than any other conventionally 
produced TiC>2 films. These results suggest that the deposited Ti02 thin film can be 
used as a high permittivity insulator in thin film electroluminescent devices.
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6.3 Tantalum oxide (TajOs) Thin Films Deposited by Sol-gel Process
6.3.1 Introduction
B e c a u s e  o f  it s  w id e  f ie ld  o f  a p p lic a t io n s  in  s e m ic o n d u c to r  s c ie n c e s ,  ta n ta lu m  o x id e  
(T a 2 C>5 ) h a s  b e e n  e x t e n s iv e ly  s tu d ie d  b o th  e x p e r im e n ta l ly  an d  th e o r e t ic a lly  o v e r  th e  
p a st  th r ee  d e c a d e s . T a n ta lu m  o x id e  ( T a 2 0 5) f i lm s  s h o w  h ig h  d ie le c tr ic  c o n sta n t, lo w  
le a k a g e  cu rren t an d  h ig h  tr a n sm itta n c e  in  th e  U V  v is ib le  r a n g e , w h ic h  are in te r e s t in g  
c h a r a c te r is t ic s  fo r  e le c tr ic a l  an d  o p tic a l  a p p lic a t io n s . S o m e  o f  th e s e  a p p lic a t io n s  
in c lu d e  a n tir e f le c t in g  c o a t in g s  fo r  s i l ic o n  so la r  c e l l s  [ 1 7 9 ] ,  w a v e  g u id e s  fo r  lig h t  
[ 1 8 0 ] ,  in s u la t in g  la y e r s  in  e le c tr o lu m in e s c e n t  d is p la y  d e v ic e s  r e q u ir in g  h ig h  
p e r m itt iv ity  [ 1 8 1 ,1 8 2 ] ,  in  e le c tr o c h r o m ic  d e v ic e s  fo r  s o l id  e le c tr o ly te s  [1 8 3 ,1 8 4 ]  and  
a ls o  as s to r a g e  c a p a c ito r  m a te r ia l fo r  d y n a m ic  r a n d o m  a c c e s s  m e m o r ie s  (D R A M )  
[ 1 8 5 ] .  T a 2 0 5  c o a t in g s  are a lso  u se d  as in te r fe r e n c e  c o a t in g s  [1 8 6 ]  an d  as p r o te c tiv e  
c o a t in g s  a g a in s t  c o r r o s io n  [ 1 8 7 ,1 8 8 ] ,
T a 2 0 5  f i lm s  c a n  b e  d e p o s ite d  b y  v a r io u s  t e c h n iq u e s , su c h  as c h e m ic a l v a p o r  
d e p o s it io n  (C V D )  [ 1 8 9 ,1 9 0 ] ,  p la s m a  e n h a n c e d  c h e m ic a l  v a p o r  d e p o s it io n  (P E C V D )  
[ 1 9 1 ,1 9 2 ] ,  e le c tr o n  b e a m  e v a p o r a t io n  [1 8 6 ] ,  io n  b e a m  an d  d u a l- io n  b e a m  sp u tte r in g  
[ 1 9 3 ,1 9 4 ] ,  r e a c t iv e  r .f. sp u tte r in g  [ 1 8 0 ,1 9 5 ] ,  d .c . sp u tte r in g  [ 1 9 6 ] ,  p u lse d - la se r  
a s s is te d  d e p o s it io n  [ 1 9 7 ] ,  io n -a s s is t e d  d e p o s it io n  [ 1 9 8 ] ,  a n o d e  o x id a t io n  [1 8 2 ]  and  
s o l- g e l  m e th o d s  [ 1 9 9 - 2 0 1 ] .
S y n th e s is  o f  d ie le c tr ic  f i lm s  b y  s o l - g e l  m e th o d s  h a s  r e c e n t ly  r e c e iv e d  a tte n t io n  d u e  to  
m a n y  a d v a n ta g e s  c o m p a r e d  to  c o n v e n t io n a l p r e p a r a tio n  te c h n iq u e s . B y  th is  
te c h n iq u e , h ig h  p u r ity  an d  g o o d  h o m o g e n e ity  m a te r ia ls  ca n  b e  p rep a red  u t il iz in g  
lo w e r  p r o c e s s in g  te m p e r a tu r e s  an d  sh o rter  a n n e a lin g  t im e s . T h in  f i lm s  ca n  b e  
d e p o s ite d  b y  s im p le  an d  c o m p a c t  e q u ip m e n t th r o u g h  d ip  o r  sp in  c o a t in g , e n a b lin g  
h ig h  c o n tr o l o f  th e  f i lm  th ic k n e s s  s iz e  an d  sh a p e , as w e l l  as g o o d  r e p r o d u c ib il ity  o f  
th e  s to ic h io m e tr y .
In  th is  w o r k , w e  rep o r t th e  p rep a ra tio n  o f  T a 2 0 s  f i lm s  b y  th e  s o l - g e l  d ip  c o a t in g  
d e p o s it io n  t e c h n iq u e  an d  a lso  a n  in v e s t ig a t io n  o f  th e  e le c tr ic a l ,  o p tic a l  an d  stru ctural 
p r o p e r tie s  o f  T a 2O s f i lm s  a n n e a le d  at d iffe r e n t  te m p e r a tu r e s  in  d iffe r e n t  a tm o sp h e re s .
112
6.3.2 Experimental procedure
Tantalum oxide thin films have been prepared on silicon and glass substrates by the 
sol-gel method as shown in fig. 6.25. The coating solutions were prepared by 
reacting tantalum ethoxide [Ta(OC2H5)5] (Aldrich) with ethanol. The starting 
solution was prepared by mixing Ta(OC2H5)5 with ethanol and acetic acid while 
stirring for 30 minutes. Ethanol was mixed with acetic acid and stirred for 10 
minutes. This solution was mixed with the previous solution and stirred for 18 hours 
to get a transparent solution.
Tantalum oxide gel films were obtained by dipping the substrates into the solution 
and pulling them up at 1.2 cm/sec. The tantalum oxide films were subjected to heat- 
treatment at 260°C for 10 minutes. The thickness of the film was approximately 60 
nm for each dipping. By repeating the above procedure, tantalum oxide films of 
different thickness were obtained. The above conditions were used for the 
preparation of Ta20 5 films because with these conditions the quality of the films was 
found to be good. The pulling rates of 1.0 cm/sec. and 1.5 cm/sec. were also used to 
prepare the thin films of Ta205 . But the films prepared with these speeds were not 
uniform and they also came off the substrate after high temperature annealing.
6.3.3 Results and Discussion
6.3.3.1 Electrical Properties
Capacitance-voltage (C-V) measurements were performed using the Al/Ta205/p-Si 
MIS diode structure to determine the dielectric constant of the Ta205 layer. The 
capacitance was measured at a frequency of 1 Mhz at room temperature, while the 
d.c. bias was swept between +5 and -5 V. A typical C-V curve for one of the as- 
deposited AlAI^CVp-Si samples is shown in fig. 6.26. The insulator capacitance was 
taken as the maximum capacitance when the MIS diode was in accumulation, i.e. at -  
5 V bias.
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Figure 6.26 Typical capacitance-Voltage characteristics for the as-deposited
Al/Ta2Os/p-Si sample.
Fig. 6.27 shows the dielectric constant of the Ta20.<; films as a function of annealing 
temperature in air, oxygen and nitrogen. The dielectric constant of the Ta2Os film 
was calculated from the maximum capacitance and it was found to be approximately 
20 for the as-deposited film. From the figure, it is seen that dielectric constant of the 
films increased upon annealing at higher temperature in all cases and it varies from 
37 to 50 annealed at 700°C in different atmosphere. The reasons for this variation in 
dielectric constant with annealing temperatue in different atmosphere arc thought to 




Figure 6.27 Variation of dielectric constants as a function of annealing temperature 
annealed in air, oxygen and nitrogen for Ta20s film.
Fig. 6.28, 6.29 and 6.30 show the dependence of the leakage current density on the 
applied electric field for as-deposited film and annealed films, annealed in air, 
oxygen and nitrogen respectively. As the applied field increases, the leakage current 
increases parabolically up to a saturation point at each annealing temperature and the 
leakage current decreases upon annealing at higher temperatures in all cases. The 
shape of the curves suggests that the conduction mechanism in these films was via 
the Fowler-Nordheim (FN) tunneling process [166]. It can be seen that the leakage 
current for the as-deposited tantalum oxide film for an applied field of 1 MV/cm is 
l.OxlO'5 A/cm2, where the leakage currents are 1.5xl0'6 A/cm2, 8.0xl0'7 A/cm2 and 
1.2x1 O'6 A/cm2 for the films annealed at 700°C in air, oxygen and nitrogen 
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Figure 6.28 Current density vs. electric field characteristics for Ta20s films annealed
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Figure 6.29 Current density vs. electric field characteristics for Ta20s films annealed
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Figure 6.30 Current density vs. electric field characteristics for Ta20s films annealed
at different temperatures in nitrogen.
The high leakage current of as-deposited film might originate from the defects in the 
as-deposited Al/Ta205/Si structure. According to the results of XRD and FTIR 
spectroscopies of as-deposited and annealed films shown later, the decrease of the 
leakage current after high temperature annealing could be attributed to the 
crystallization and densification of the as-deposited TaaOs film. During annealing, 
oxygen atoms are diffused into the Ta^Os film. The diffused oxygen inside tantalum 
oxide reduces the possible oxygen deficiency and causes the carbon and hydrogen 
impurities to oxidize [202], These impurities are unintentionally introduced into the 
oxide film during processing and annealing. This causes the trap concentration to be 
reduced. Upon annealing at higher temperatures, decreasing the concentration of 
oxygen atom vacancies as well as the growth of an interfacial silicon dioxide layer 
between Ta2Os and the silicon substrate cause the decrease of the leakage current.
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Fig. 6.31 shows the variation of resistivity of Ta2C>5 films as a function of annealing 
temperature in air, oxygen and nitrogen. The resistivities, p, of the films were 
calculated from the I-V data [I=V/R and p=(V.A)/(I.t), where A is the area of A1 
contact and t is the thickness of the film]. From the figure, it is seen that the 
resistivity increases with the annealing temperature. The resistivities are measured 
for an electric field of 1 MV/cm. The as-deposited films have a resistivity of 
1.30xl0n Q-cm and the resistivities for 700°C annealed films are 7.09xl0n Q-cm, 
1.39xl012 Q-cm and 8.95xlOn Q-cm annealed in presence of air, oxygen and 
nitrogen respectively. Annealing results suggests that native defects such as Ta and 
O2 vacancies and impurities such as carbon present in Ta20 j out diffuses as an effect 
of annealing, resulting in improved film quality.
Annealing Temperature (°C)




The average roughness (Ra) values were measured for Ta20s thin films annealed at 
different temperatures in the presence of air, oxygen and nitrogen. Fig. 6,32 shows 
the variation of Ra with annealing temperature. Roughness of the substrate was 
measured to be 0.01 pm and for the as-deposited film 0.02 pm. A small change in Ra 
was observed with varying the temperature due to the crystallization effect. 
Variations in roughness are of the same order as the measurement resolution. No real 
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Figure 6.32 Variation of Roughness as a function of annealing temperature annealed 
in air, oxygen and nitrogen for Ta20s film.
6.3.3.3 Structural Properties
6.3.3.3.1 Fourier Transform Infrared (FTIR) Spectroscopy
Fig. 6.33, 6.34 and 6.35 show the FTIR spectra in the wavenumber range from 400 to 
4000 cm'1 for as-deposited films and films annealed at different temperatures in
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presence of air, oxygen and nitrogen respectively. The broad absorption peak in the 
wavenumber range between 400 to 800 cm’1 corresponding to Ta-O-Ta and Ta-0 
stretching vibrational modes are observed annealed at all temperatures indicating the 
formation of Ta20s. The cause of peak broadening related to the Ta-O-Ta and Ta-0 
bonds might come from the amorphous nature of Ta20s films. The Ta205 films 
annealed at 700°C in air, oxygen and nitrogen show a narrow absorbance peak 
around at 530 cm'1 indicating the formation of crystallized structure. There is a slight 
absorption around 1300-1800 cm'1 due to the C-H vibration in the unannealed alkoxy 
group. The broad band at 3000-3700 cm'1 in the as-deposited films corresponds to 
the stretching vibration of O-H, indicating the presence of H2O and O-H group in the 
films. The O-H and water groups were completely removed from the films after high 







Figure 6.33 The FTIR spectra for Ta20s films deposited on Si (100) annealed at











Figure 6.34 The FT1R spectra for TajOs films deposited on Si (100) annealed at
different temperatures in oxygen.
Wavenumber (cm '1)
Figure 6.35 The FTIR spectra for Ta20 5 films deposited on Si (100) annealed at
different temperatures in nitrogen.
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6.3.3.3.2 X-ray Diffraction Spectroscopy
Fig. 6.36, 6.37 and 6.38 show the X-ray diffraction patterns for the TaîOs films 
annealed at different temperatures in air, oxygen and nitrogen respectively. All the 
XRD spectra show that as-deposited films and films annealed at 400, 500 and 600°C 
are amorphous while annealing at 700°C crystallization process take place, indicating 
sharp and intensive peaks. As is seen from the XRD spectra for the three cases, all 
the diffraction peaks agree well with the orthorombic crystal structure confirming the 
formation of Ta20s films according to the database (Card No. 25-0922) of the Joint 
Committee on Powder Diffraction Standards (JCPDS).
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Figure 6.36 XRD spectra for Ta20s films annealed at different temperatures in
presence of air.
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Figure 6.37 XRD spectra for Ta20s films annealed at different temperatures in
presence of oxygen.
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Figure 6.38 XRD spectra for Ta20s films annealed at different temperatures in
presence of nitrogen.
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In random orientation the (001)/(110) peak ratio is 0.85 if we calculate the ratio of 
the peak intensities from the standard data (See Appendix A). In this work, for the 
samples annealed at 700°C in all the atmospheres, the (001)/(110) peak ratio is 1.35. 
So we can say that the films annealed at 700°C in all the atmospheres have the 
preferential orientation of [001] parallel to the substrate. From the X-ray diffraction 
spectra of Ta2Os films annealed in different atmospheres, it is seen that the as- 
deposited films and the films annealed up to 600°C in all the atmospheres are 
amorphous and the films are crystallized at 700°C showing the same peaks in all the 
atmospheres. So it can be concluded that the crystallinity of Ta20s films is dependent 
as temperature not atmosphere. X-ray diffraction scan was also carried out for the 
films deposited on glass substrates, which showed the similar crystal structure.
6.3.3.4 Optical Properties
Fig. 6.39, 6.40 and 6.41 show the optical transmission spectra of the Ta20s films 
with a thickness of 300 nm annealed at different temperatures in air, oxygen and 
nitrogen respectively. The films have an average optical transparency up to 90%. The 
oscillations on the spectrum are due to the film thickness and the consequent 
interference in the layer. The optical transmission of Ta2Os films in the visible region 
improves with annealing at higher temperature showing maximum transmittance of 
80% for as-deposited films and 88.30%, 89.97% and 90.50% when annealed at 
700°C in air, oxygen and nitrogen respectively. From the optical transmission spectra 
of the Ta205 films, it is seen that the optical transmission of the films increases with 















Figure 6.39 Optical transmission spectra for Ta20s films with a thickness o f 300 nm 














Figure 6.40 Optical transmission spectra for Ta20s films with a thickness o f 300 nm 
annealed at different temperatures in presence o f oxygen.
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Figure 6.41 Optical transmission spectra for Ta20s films with a thickness of 300 nm 
annealed at different temperatures in presence of nitrogen.
The refractive index, n for the Ta20s films has been calculated from the 
transmittance vs. wavelength spectra. The square of the refractive index (n2) is 
proportional to the dielectric constant of the film. To compare these values with the 
dielectric constant calculated from the maximum value of capacitance, n2 is plotted 
against the annealing temperature for the TaaOs films annealed in the presence of air, 
oxygen and nitrogen, shown in fig. 6.42. If we compare this figure with fig. 6.27, we 
can see that both the figures show the same trend of behaviour.
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Figure 6.42 Variation of n2 vs. Temperature for TajO.s films annealed in air, oxygen
and nitrogen.
6.3.4 Conclusions
Tantalum oxide thin films have been prepared by sol-gel dip coating technique on 
bare Si (100) and glass substrates and annealed at different temperatures in the range 
400-700°C in the presence of air, oxygen and nitrogen.
An optical transmittance of around 90% in the visible region of the spectrum was 
obtained for the films annealed at different temperatures. Optical transmission 
spectra of the Ta20.<; films show that the optical transmission of the films increases 
with the annealing temperatures indicating that it depends on the temperature not on 
the atmosphere.
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X-ray diffraction analysis shows that the as-deposited films and the films annealed 
up to 600°C are amorphous, whereas the films are crystallized when annealed at 
700°C leading to the formation of orthorhombic p-Ta20s crystalline structures. X-ray 
diffraction spectra of the Ta2Os films annealed at different temperatures in different 
atmospheres show that the crystallinity of the films depends on the temperature not 
on the atmosphere.
Current-voltage (I-V) and dielectric characteristics of Ta20 5 films exhibited a strong 
annealing temperature dependency. The leakage current density for the as-deposited
S 2 V 2film was 1.0x10' A/cm , whereas a leakage current density as low as 8.0x10' A/cm 
at an electric field of 1 MV/cm can be achieved annealing at 700°C in the presence of 
oxygen. The leakage currents are 1.5x1 O'6 A/cm2 and 1.2x1 O'6 A/cm2 annealed at 
700°C in air and nitrogen respectively, which are higher than that in oxygen.
The dielectric constant of the as-deposited Ta205 film is estimated to be about 20 and 
varies from 37 to 50 depending on annealing temperature in different atmosphere. 
Thus, the electrical, optical and structural properties of Ta2C>5 thin films produced by 
this sol-gel technique are suitable for the use of this material as a high permittivity 
insulator in thin film electroluminescent display devices.
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Chapter 7
T R A N SPA R E N T  C O N D U C T IN G  M A T E R IA L S
7.1 Introduction
Studies of transparent and highly conducting oxide films have attracted the attention 
of many research workers due to their wide range of applications both in industry 
and in research. Transparent and conductive layers of some metallic oxides, such as 
cadmium oxide, tin oxide, indium oxide and zinc oxide, have been known for a long 
time. Thin films of cadmium oxide (CdO) were first reported by Badeker [203] in 
1907, who prepared these films by thermal oxidation of sputtered films of cadmium. 
These films were reported to be transparent as well as conductive.
Wide-ranging applications of these coatings in electronic devices have generated 
interest in research related to the growth and characterization of these materials. Such 
films have demonstrated their utility as transparent electrical heaters for windscreens 
in the aircraft industry. The high transparency of these materials in the solar 
spectrum, together with their high reflectivity in their infrared, makes them very 
attractive for use as transparent heat reflecting materials. Such spectrally selective 
films have wide applications in window insulation and thermal insulation in lamps 
[204-206],
There has been considerable interest in recent years directed towards the 
development of conducting transparent oxide-based solar cells [207-210]. These 
oxides offer the possibility of fabrication of low-cost solar cells with performance 
characteristics suitable for large-scale terrestrial applications. Transparent conducting 
oxides are particularly effective in solar cell applications because of the following 
advantages: (a) the conducting transparent film permits the transmission of solar 
radiation directly to the active region with little or no attenuation; (b) ease of 
fabrication of the junction because of lower junction formation temperatures; and (c)
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these transparent conducting films can serve simultaneously as a low resistance 
contact to the junction and as an antireflection coating for the active region.
Transparent conducting oxide films can be used as gas sensors [211,212], The use of 
these films as gas sensors is based on the fact that the conductance changes in 
semiconductor materials are large and are caused primarily by changes in carrier 
concentrations due to charge exchange with the species adsorbed from the gas phase. 
This variation in conductance with active gas pressure made conducting materials 
attractive for the fabrication of gas sensing electronic transducers.
Transparent conducting oxide films can also be used as protective coatings, such as, 
abrasion-resistant coatings and corrosion-resistant coatings. It has been reported 
[213-215] that the application of a metallic oxide coating on glass containers 
appreciably reduces the coefficient of friction of the glass surfaces, facilitating the 
movement of containers through high-speed fitting lines. Metallic films which are 
used in thin film magnetic recording do not have adequate mechanical durability and 
corrosion resistance and are normally overcoated with protective films in order to 
improve their reliability. Tin oxide has been used for overcoating metallic films in 
magnetic recording media [216]. Such overcoated metallic films have low static 
friction and good lifetimes.
Transparent conducting oxide coatings have been extensively used as transparent 
electrodes in various display devices, e.g. liquid crystal displays (LCD), 
electroluminescent (EL) devices, image sensors based on amorphous silicon, light 
emitting diodes (LED), etc. [217-219],
In addition to these main applications, transparent conducting films are now being 
used in a variety of other applications, such as, the production of heating layers for 
protecting vehicle windscreens from freezing and misting over [220], optical 
waveguide based electro-optic modulators [221], the photocathode in 
photoelectrochemical cells [222] and antistatic surface layers on temperature control 
coatings in orbiting satellites [223].
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Thin film electroluminescent devices require a top and bottom electrode, one of 
which must be transparent. The most common transparent electrodes used are Sn02, 
In203 , In203 :Sn, ZnO and ZnO: (Al, In, Ga) etc. Transparent layers should have high 
transmittance and high conductivity.
This chapter describes the preparation and properties of the transparent conductive 
oxide films used in this study.
7.2 Preparation and properties of transparent conductive aluminum-doped zinc 
oxide thin Alms deposited by sol-gel process
7.2.1 Introduction
Numerous electrically conductive oxides have been discovered and extensively 
investigated. Of these, indium tin oxide (ITO) and ZnO are well known for their 
transparency when made into thin films and are expected to find wide use as 
transparent electrodes for many devices, such as electrochromic displays (ECDs), 
liquid crystal displays (LCDs) and solar cells [224]. The performances of these 
devices are greatly dependent on the properties of the electrodes; thus it is very 
important to improve the manufacturing process and the properties of the transparent 
electrodes. ZnO thin films with suitable dopants are also used as photoconductors in 
electrography [225], varistors in ceramic technology [226], and sensor elements in 
sensing combustible gases [227]. They also exhibit piezoelectric properties, which 
are used in various pressure transducers and acousto-optic devices, surface and bulk 
acoustic wave devices [228,229].
Thin films based on oxides of Zn, Cd, In, Sn and mixtures of these, can combine 
transmittance of luminous radiation with infrared reflectance and electrical 
conductance. Among these, ZnO-based films have the following advantages:
(i) they consist of cheap and abundant elements, which may be contrasted with 
the more expensive In-containing films;
(ii) they are non-toxic, whereas Cd-containing films have potential health 
hazards;
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(iii) they are readily produced by the sol-gel process, which is currently preferred 
for large-scale architectural coatings;
(iv) they allow tailoring of the ultraviolet absorption, which is possible because 
the fundamental band gap of ZnO (-3.3 eV) lies just at the end of the 
luminous spectrum [25]; and
(v) they show stability in hydrogen plasmas, which is of prime importance in 
amorphous and microcrystalline silicon related fields, whereas tin oxide and 
indium oxide reduce to metallic forms when exposed to a hydrogen plasma 
[230].
Transparent conducting zinc oxide thin films have been prepared by a variety of 
techniques, such as r.f. magnetron sputtering [231], reactive magnetron sputtering 
[232], chemical vapor deposition [233,234], ion-beam evaporation [235], electron- 
beam evaporation [236], spray pyrolysis [237,238], laser ablation [239] and more 
recently by sol-gel process [240-242]. Amongst the different techniques available, 
the sol-gel method seems to be the most attractive. This is due to ease of coating on 
the desired shape and area, easy control of the doping level, solution concentration 
and homogeneity without using expensive and complicated equipment when 
compared to other methods.
In general, the metal alkoxides are used as raw materials for the sol-gel process. But 
the preparation of a solution is tedious and the reagents of the metal alkoxide are 
very expensive. Therefore, many thin films have been prepared using metal salts as 
raw materials [240]. In this study, we have attempted to obtain a suitable solution 
from simple salts such as acetates, which are more convenient to use and less costly. 
This chapter reports the preparation of transparent conductive aluminum doped zinc 
oxide thin film by the sol-gel process and the optimization of the resistivity of the 




Zinc acetate (Zn(CH3C02)2-2H20) and aluminum nitrate (A1(N03)3.9H20 ) were 
mixed together and dissolved in ethanol. The solution was refluxed at 80°C for 3 
hours to get a clear solution. Substrates were dipped into the solution and withdrawn 
at a rate of 0.5 cm/sec. The coated substrates were heated at 260°C for 10 minutes in 
air after each dipping. By repeating the above procedure, aluminum doped zinc oxide 
films of different thickness were obtained. The flowchart that shows the procedure 
used for preparing aluminum doped zinc oxide is given in Fig. 7.1.
Figure 7.1 Preparation procedure o f ZnO:Al thin film by sol-gel process.
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7.2.3 Results and discussion
7.2.3.1 Electrical Properties
Fig. 7.2 shows the resistivity of aluminum doped zinc oxide thin films with 
aluminum dopant concentrations in the solution annealed at 500°C in air, oxygen and 
nitrogen. It was found that their resistivity is strongly dependent on the A1 doping 
concentration. The resistivity of the film decreased with increasing A1 content up to 
0.8 at.% and thereafter the resistivity started to increase with increased doping in all 
cases. The resistivity of 0.8 at.% A1 content ZnO films showed the minimum value of 
1.5xl0'4 Q-cm in air, 1.8xl0'4 fi-cm in oxygen and 1.3xl0'4 fi-cm in nitrogen. 
Resistivities were measured for different positions on the sample and the average 
value of the resistivity was taken. For different values of the resistivity for the same 
sample, the measurement error was calculated to be ± 2.5 %.
Al Dopant Concentration (atomic %)
Figure 7.2 Resistivity of the ZnO: Al thin films as a function of aluminum dopant 
concentration in the solution annealed at 500°C in air, oxygen and nitrogen.
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Fig. 7.3, 7.4 and 7.5 show the variation of hall mobility (p.) and carrier concentration 
(n) with A1 doping concentration annealed at 500°C in presence of air, oxygen and 
nitrogen respectively. The carrier concentration of the film was found to increase 
with A1 doping concentration below 0.8%, above this, a tendency towards saturation 
was observed which was also found by other authors [243]. Such behaviour was 
expected as a result of substitutional doping of Al3+ at the Zn2+ site creating one extra 
free carrier in the process. As the doping level is increased, more dopant atoms 
occupy lattice sites of zinc atoms resulting in more charge carriers. High aluminum 
concentration in the film does not always increase the free electron concentration 
since the aluminum atoms must replace zinc atoms inside the crystallites to 
contribute conduction electrons. However, after a certain level of doping, the extra 
aluminum atoms might not occupy the correct places inside the zinc oxide 
crystallites because of the limited solubility of aluminum inside ZnO. The ionic 
radius of aluminum is smaller than that of zinc and therefore excess aluminum may 
occupy interstitial positions [244] leading to distortion of the crystal structure. 
Hence, the dopant atoms become ineffective as donors as the higher levels of A1 
incorporation lead to interstitial incorporation of A1 in the form of AI2O3 [244] giving 
rise to the greater electron scattering. This explains the initial rise followed by the 
saturation of carrier concentration with the dopant level.
Fig.7.3, 7.4 and 7.5 show that mobility increases initially and after certain dopant 
concentration it decreases. The mobility behaviour of such a polycrystalline extrinsic 
semiconductor is governed mainly by ionized impurity scattering and grain boundary 
scattering [245]. The resultant mobility is given by the well-known Mattheissen’s 
rule
I  = + (7.1)
M Mgb
where fj, = resultant mobility,
figb = mobility due to grain boundary scattering, 
fiiS = mobility due to ionized impurity scattering.
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T h e  in it ia l  in c r e a se  in  m o b il i ty  w ith  d o p in g  c o n c e n tr a t io n  s e e n  in  f ig . 7 .3 ,  7 .4  an d  7 .5  
m a y  b e  d u e  to  an  im p r o v e m e n t  in  th e  g ra in  g r o w th  (g r a in s  o f  la rg er  s iz e )  and  
te x tu r e d  g r o w th  o f  th e  f i lm s . Im p r o v e m e n t  in  g ra in  s iz e  r e s u lts  in  a  r e d u c t io n  o f  gra in  
b o u n d a r y  sc a tte r in g , w h i le  im p r o v e m e n t  in  te x tu r e d  g r o w th  r e su lts  in  le s s  r e s is ta n c e  
to  th e  e le c tr o n  f lo w . In c r e a s in g  th e  d o p a n t c o n c e n tr a t io n  a fter  a  c e r ta in  d o p in g  le v e l  
r e su lts  in  th e  d e c r e a s e  in  carrier  m o b i l i ty  d u e  to  th e  s e g r e g a t io n  o f  A l  d o p a n t a to m s  
at th e  g ra in  b o u n d a r ie s  in  th e  fo rm  o f  A I 2 O 3 , w h ic h  w i l l  in c r e a se  th e  g ra in  b o u n d a r y  
barrier. H ig h  d o p in g  c o n c e n tr a t io n  in c r e a s e s  th e  io n iz e d  im p u r ity  sc a tte r in g  fro m  th e  
su b s t itu t io n a l d o n o r s  an d  a lso  sc a tte r in g  fr o m  th e  in te r s t it ia ls , w h ic h  m a y  a lso  b e  th e  
r e a so n  o f  d e c r e a s e  in  m o b il ity .  T h u s , th e  d o p in g  c o n c e n tr a t io n  r e a c h e s  a m a x im u m  
w h e n  th e  su b s t itu t io n a l d o p in g  o f  th e  z in c  o x id e  b y  a lu m in u m  is  a t a m a x im u m  
w h e r e a s  th e  m o b i l i ty  w i l l  c o n t in u e  to  fa ll  a s th e  sc a tte r in g  b y  th e  io n iz e d  im p u r itie s , 
th e  d e fe c ts  in  th e  c r y s ta l an d  th e  g ra in  b o u n d a r ie s  in c r e a s e s  w ith  h ig h e r  a lu m in u m  
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Figure 7.3 V aria tion o f ha ll m ob ility  ((j.) and carrier concentration (n) w ith  A1 doping
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F ig u r e  7 .4  V a r ia t io n  o f  h a ll m o b il ity  (|.i) and  carrier  c o n c e n tr a tio n  (n )  w ith  A1 d o p in g  
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Figure 7.5 Varia tion o f ha ll m ob ility  (|x) and carrier concentration (n) w ith  A1 doping
concentration annealed at 500°C in  presence o f nitrogen.
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F ig . 7 .6  s h o w s  th e  r e s is t iv i ty  o f  0 .8  at.%  A1 d o p e d  Z n O  f i lm s  a s  a  fu n c t io n  o f  
a n n e a lin g  tem p e ra tu r e  a n n e a le d  in  air, o x y g e n  an d  n itr o g e n . S a m p le s  w e r e  a n n e a led  
fo r  1 h o u r  at e a c h  tem p e ra tu r e . T h e  r e s is t iv i ty  d e c r e a s e d  s ig n if ic a n t ly  w ith  a n n e a lin g  
tem p e ra tu r e  u p  to  5 0 0 ° C  an d  th e n  it started  in c r e a s in g . T h e  m in im u m  v a lu e  o f  
r e s is t iv i ty  o b ta in e d  a fter  a n n e a lin g  at 5 0 0 ° C  w a s  1 .5 x l 0 ' 4 Q - c m  in  air, 1 .8 x l 0 ' 4 Q -c m  
in  o x y g e n  a n d  1 .3 x 1  O'4 Q -c m  in  n itr o g e n . E le c tr ic a l c o n d u c t io n  o f  Z n O :A l f i lm  is  
c a u s e d  b y  e le c tr o n s  fr o m  o x y g e n - d e f ic ie n t  d e fe c ts  d u e  to  A 1 su b st itu te d  fo r  Z n . T h e  
d if fe r e n c e  in  r e s is t iv i ty  b e t w e e n  th e  th r ee  a tm o sp h e r e s  w a s  c a u s e d  b y  th e  d iffe r e n c e  





F ig u r e  7 .6  R e s i s t iv i ty  o f  0 .8  at.%  A1 d o p e d  Z n O  th in  f i lm s  a s  a  fu n c t io n  o f  a n n e a lin g
tem p e ra tu r e  in  air, o x y g e n  an d  n itr o g e n .
A nnealing Tem perature (°C )
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F ig . 7 .7 ,  7 .8  an d  7 .9  s h o w  th e  v a r ia tio n  o f  h a ll m o b i l i ty  ((j,) an d  carrier  co n c e n tr a tio n  
(n ) w it h  a n n e a lin g  tem p e ra tu r e  fo r  0 .8  at.%  A1 d o p e d  Z n O  f i lm s  a n n e a le d  in  air, 
o x y g e n  a n d  n itr o g e n  r e s p e c t iv e ly .  T h e  r e s is t iv i ty  p  i s  p r o p o r t io n a l to  th e  re c ip r o c a l  
o f  th e  p r o d u c t o f  carrier  c o n c e n tr a t io n  n  an d  m o b il i ty  \x. F ig .  7 .7 ,  7 .8  an d  7 .9  sh o w  
th a t th e  carrier  c o n c e n tr a t io n  in c r e a s e s  w ith  a n n e a lin g  tem p e ra tu r e  o w in g  to  
sa tu ra tio n . O n e  o f  th e  c a u s e s  o f  th e  d e c r e a s e  in  r e s is t iv i ty  d u e  to  a n n e a lin g  up  to  
5 0 0 ° C  is  th o u g h t  to  b e  a n  in c r e a se  in  carrier  c o n c e n tr a t io n  r e s u lt in g  fro m  a lib er a tio n  
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F ig u r e  7 .7  V a r ia t io n  o f  h a ll  m o b i l i ty  ( jj,) a n d  carrier c o n c e n tr a t io n  (n )  a s  a fu n c t io n  o f  
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F ig u r e  7 .8  V a r ia t io n  o f  h a ll  m o b i l i t y  (p,) an d  carrier  c o n c e n tr a t io n  (n ) as a  fu n c t io n  o f  
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Figure 7.9 Varia tion o f ha ll m ob ility  (p,) and carrier concentration (n) as a function o f
annealing temperature in  nitrogen fo r ZnO :A l film  w ith  A l/Z n  0.8 at.%.
141
T h e  c h e m is o r p t io n  o f  o x y g e n  an d  th e  lo c a t io n  o f  A1 a to m s  w h ic h  are n o t  o n  z in c  
s ite s  r e su lt  in  a  lo w  carrier c o n c e n tr a t io n  b e fo r e  h e a t  tre a tm en t in  a tm o sp h e re . In  
g e n e r a l, a n  in c r e a s e  in  c o n d u c t io n  e le c tr o n s  i s  a ttr ib u ta b le  to  a n  in c r e a se  in  d o n o rs. 
T h e r e fo r e , it  i s  r e a so n a b le  to  s u p p o s e  th at, b y  a n  in te r a c tio n  o f  z in c  a to m s d iffu se d  
th r o u g h  g ra in  b o u n d a r ie s  w ith  Z n O :A l su r fa c e s , in te r st it ia l z in c  a to m s  a n d /o r  o x y g e n  
v a c a n c ie s  a c t in g  as d o n o r s  w e r e  fo r m e d . H o w e v e r ,  an  in c r e a s e  in  d o n o r s  le a d s  to  an  
in c r e a s e  in  sc a tte r in g  c e n te r s , r e su lt in g  in  a d e c r e a s e  in  th e  m o b il ity . T h e  
c h e m is o r p t io n  o f  a c c e p to r  o x y g e n  o n  th e  Z n O :A l su r fa c e , in  th e  p o r e s  o f  th e  f i lm  and  
b e t w e e n  g ra in  b o u n d a r ie s  fo r m s  a n  e le c tr o n ic  d e p le t io n  la y e r  w h ic h  a c ts  a s a  su r fa ce  
p o te n t ia l  b a rrier  an d  c a u s e s  th e  d e c r e a s e  in  m o b il i ty  [ 2 4 6 ] .  T h e r e fo r e , w e  c o n s id e r  
th a t th e  d e c r e a s e  in  r e s is t iv i ty  d u r in g  a n n e a lin g  u p  to  5 0 0 ° C  r e su lts  in  a c h a n g e  o f  
carrier  c o n c e n tr a t io n  an d  m o b il i ty  fr o m  th e  m o v e m e n t  o f  A 1 a to m s  to  Z n  la t t ic e  s ite s  
a n d  th e  d e s o r p t io n  o f  o x y g e n  fr o m  th e  Z n O :A l su r fa c e , p o r e s  an d  g ra in  b o u n d a r ies . 
A c c o r d in g  to  th e  sc a tte r in g  m e c h a n is m  o f  tran sp aren t c o n d u c t in g  f i lm s ,  su g g e s te d  b y  
Z h a n g  e t  a l. [ 2 4 7 ] ,  fo r  th e  in v e s t ig a te d  f i lm s , io n iz e d  im p u r ity  s c a tte r in g  s e e m s  to  b e  
d o m in a n t  in  th e  lo w  tem p era tu re  ra n g e . In  th e  h ig h  te m p e r a tu r e  ra n g e , gra in  
b o u n d a r y  sc a tte r in g  b e c o m e s  th e  d o m in a n t  sc a tte r in g  m e c h a n is m . S o  th e  in c r e a se  in  
r e s is t iv i ty  a fter  5 0 0 ° C  m a y  b e  r e la te d  to  th e  in c r e a s e  o f  g ra in  b o u n d a r y  sc a tter in g  fo r  
th e  fr e e  e le c tr o n s  an d  h e n c e  th e  d e c r e a s e  o f  th e  carrier  m o b i l i ty  [ 2 4 8 ] .  T h e  m in im u m  
v a lu e  o f  r e s is t iv i ty  o f  1 . 3 x l 0 ‘4 Q - c m  w h ic h  h a s  b e e n  o b ta in e d  at 0 .8  at.%  a lu m in u m  
c o n c e n tr a t io n  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n  b y  th e  s o l - g e l  p r o c e s s ,  i s  b ette r  th an  
t h o s e  o b ta in e d  b y  o th e r  c o n v e n t io n a l m e th o d s . T a b le  7 .1  s h o w s  th e  r e s is t iv ity  o f  
Z n O : A l  f i lm s  p r o d u c e d  b y  d iffe r e n t  te c h n iq u e s .
Table 7.1: R e s is t iv i ty  o f  Z n O :A l f i lm s
D e p o s i t io n  te c h n iq u e R e s is t iv i ty ( Q - c m )
S o l -g e l  ( th is  w o r k ) 1 .3 x 1  O'4
L a s e r  a b la tio n  [2 3 9 ] 9 x 1 0 ‘4
S p r a y  p y r o ly s is  [2 3 7 ] 2 x 1 0 'J
M a g n e tr o n  sp u tte r in g  [2 4 9 ] 1 .8 4 x lO ’J
T h e r m a l e v a p o r a t io n  [2 5 0 ] 2 x 1 0 'J
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7,2.3.2 Roughness
T h e  a v e r a g e  r o u g h n e s s  (Ra) v a lu e s  w e r e  m e a su r e d  fo r  Z n O :A l th in  f i lm s  a n n e a le d  at 
d iffe r e n t  te m p e r a tu r e  in  p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n . F ig . 7 .1 0  s h o w s  th e  
v a r ia t io n  o f  Ra w ith  a n n e a lin g  tem p e ra tu r e . R o u g h n e s s  o f  th e  su b stra te  w a s  m ea su re d  
t o  b e  0 .0 1  |j,m an d  fo r  th e  a s -d e p o s ite d  f i lm  0 .0 3  |j,m. T h e  m in im u m  r e s o lu t io n  o f  th e  
in s tr u m e n t is  0 .0 1  jam. S o  w e  c o u ld  n o t  m e a su r e  th e  r o u g h n e ss  b e y o n d  th is  v a lu e . 
R o u g h n e s s  d e c r e a s e s  w it h  te m p e r a tu r e  an d  a  sm a ll c h a n g e  in  Ra w a s  o b se r v e d  w ith  
v a r y in g  th e  te m p e r a tu r e  d u e  t o  th e  c r y s ta ll iz a t io n  e f fe c t .
o.io
200
A nnealing T em perature (  C)
F ig u r e  7 .1 0  V a r ia t io n  o f  R o u g h n e s s  as a  fu n c t io n  o f  a n n e a lin g  te m p e r a tu r e  a n n ea led  
in  air, o x y g e n  an d  n itr o g e n  fo r  Z n O :A l f i lm  w it h  A l/Z n  0 .8  at.% .
7.2.3.3 Structural Properties
7.2.3.3.1 X-ray Diffraction Spectroscopy
F ig . 7 .1 1 ,  7 .1 2  an d  7 .1 3  s h o w  th e  X -r a y  d iffr a c t io n  sp e c tr a  fo r  Z n O :A l f i lm s  w ith  
A l/Z n  0 .8  at.%  a n n e a le d  a t d if fe r e n t  tem p e ra tu r es  in  th e  p r e s e n c e  o f  air, o x y g e n  an d
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n itr o g e n  r e s p e c t iv e ly . F r o m  th e  f ig u r e s , it  is  s e e n  th a t a s -d e p o s ite d  Z n O :A l f ilm s  are  
a m o r p h o u s . A fte r  a n n e a lin g  in  a tm o sp h e r e  at h ig h e r  tem p e ra tu r e , th e  f i lm s  s h o w e d  
e v id e n c e  o f  c o n v e r s io n  fr o m  an  a m o r p h o u s  s ta te  t o  p o ly c r y s ta l l in e  s ta te  w ith  a  
h e x a g o n a l stru ctu re , w h ic h  is  in  v e r y  g o o d  a g r e e m e n t w ith  th e  J o in t C o m m it te e  o n  
P o w d e r  D if fr a c t io n  S ta n d a rd s (J C P D S )  d a ta b a se  (C ard  N o .  3 6 - 1 4 5 1 ) .  A l l  t h e  sp ec tr a  
s h o w  th a t t h e  in te n s ity  o f  th e  p e a k s  in c r e a s e d  w ith  th e  a n n e a lin g  tem p era tu res  
a n n e a le d  in  air, o x y g e n  an d  n itr o g e n . F r o m  th is  b e h a v io u r , w e  c a n  c o n c lu d e  th a t th e  
c r y s ta llin ity  o f  Z n O :A l f i lm s  i s  im p r o v e d  w ith  t h e  in c r e a se  o f  a n n e a lin g  tem p e ra tu r e  
in  a ll c a s e s  an d  a ls o  th e  c r y s ta ll in ity  o f  th e  f i lm s  is  te m p e r a tu r e  rather th an  
a tm o sp h e r e  d e p e n d e n t . T h e  sp e c tr a  s h o w  w e ll -d e f in e d  d iffr a c t io n  p e a k s  s h o w in g  
g o o d  c r y s ta llin ity . In  r a n d o m  o r ie n ta t io n  th e  ( 0 0 2 ) / ( 1 0 1 )  p e a k  ra tio  i s  0 .4 4  w h e r e a s  it 
is  1 .2 5  fo r  th e  sa m p le s  a n n e a le d  a t 7 0 0 ° C  in  th e  p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n  
( S e e  A p p e n d ix  A ). T h e r e fo r e , th e  f i lm s  s h o w  a p refe rre d  o r ie n ta t io n  w ith  th e  c -a x is  
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Figure 7.11 XRD  spectra fo r ZnO: A1 film  w ith  A l/Z n  0.8 at.% annealed at d ifferent
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Figure 7.12 XRD spectra for ZnO: A1 film with Al/Zn 0.8 at.% annealed at different
temperatures in presence of oxygen.
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Figure 7.13 XRD  spectra fo r ZnO: A1 film  w ith  A l/Z n  0.8 at.% annealed at d ifferent
temperatures in  presence o f nitrogen.
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7.2.3.3.1 Raman Spectroscopy
Fig. 7.14, 7.15 and 7.16 show the typical Raman spectra of ZnO:Al films excited 
with 325 nm He-Cd laser radiation annealed at different temperatures in air, oxygen 
and nitrogen respectively. All the spectra show the longitudinal optical (LO) Ei mode 
at 572 cm"1 and second order vibration at 1140 cm'1. The broad features between 
1050 and 1200 cm'1 are assigned to the two-phonon modes (2 LO) characteristic of 
this II-IV semiconductor [251], From the fig. 7.14, 7.15 and 7.16, it is seen that the 
intensity of the band decreases upon annealing. This can be interpreted as an 
indication of changes in oxygen deficiency [252] and interstitial Zn concentration 
[253], Upon annealing in different atmosphere, excess zinc in the film becomes 
oxidized, the impurity states disappear and consequently the magnitude of resonance 
Raman enhancement of the Ei (LO) mode decreases. Upon annealing at higher 
temperature, peaks are horizontally shifted to higher wavenumber. This is due to the 
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Figure 7.14 Raman spectra fo r ZnO :A l film s w ith  A l/Z n  0.8 at.% annealed in  air fo r













Figure 7.15 Raman spectra for ZnO:Al films with Al/Zn 0.8 at.% annealed in oxygen
for different temperatures.
0 200 400 600 800 1000 1200 1400
Wavenumber (cm'1)
Figure 7.16 Raman spectra fo r ZnO: A1 film s w ith  A l/Z n  0.8 at.% annealed in
nitrogen fo r d iffe ren t temperatures.
7.2.3.4 Optical Properties
F ig . 7 .1 7 ,  7 .1 8  an d  7 .1 9  s h o w  th e  o p tic a l tr a n s m is s io n  sp ec tr a  fo r  Z n O :A l f i lm s  w ith  
A l/Z n  0 .8  at.%  w ith  a  th ic k n e s s  o f  3 0 0  n m  a n n e a le d  a t d iffe r e n t  te m p e r a tu r e s  in  
p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .  T h e  f i lm s  h a v e  a n  o p tic a l  
tra n sp a r en cy  u p  t o  88% . T h e  o s c i l la t io n s  o n  t h e  sp e c tr u m  are d u e  to  th e  f ilm  
th ic k n e s s  a n d  th e  c o n s e q u e n t  in te r fe r e n c e  in  th e  layer . T h e  o p tic a l tr a n s m is s io n  o f  
Z n O :A l f i lm s  in  th e  v is ib le  r e g io n  im p r o v e s  w it h  a n n e a lin g  a t h ig h e r  tem p e ra tu r e  
s h o w in g  m a x im u m  tr a n sm itta n c e  o f  8 6 .2 %  fo r  a s -d e p o s ite d  f i lm s  an d  8 8 % , 8 7 .9 2 %  
and 8 7 .8 8 %  w h e n  a n n e a le d  at 7 0 0 ° C  in  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly . F ro m  
th e  tr a n sm is s io n  sp e c tr a  o f  Z n O : A1 f i lm s  in  d iffe r e n t  a tm o sp h e r e s , w e  c a n  s e e  th a t  
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F ig u r e  7 .1 7  O p tic a l tr a n s m is s io n  sp e c tr a  fo r  Z n O : A1 f i lm s  w it h  A l/Z n  0 .8  at.%  w ith  a  
















Figure 7.18 Optical transmission spectra for ZnO:Al films with Al/Zn 0.8 at.% with a 
thickness of 300 nm annealed at different temperatures in presence of oxygen.
Wavelength (nm)
Figure 7.19 Optical transmission spectra for ZnO:Al films with Al/Zn 0.8 at.% with a 
thickness of 300 nm annealed at different temperatures in presence of nitrogen.
149
F r o m  th e  tr a n s m is s io n  sp e c tr a  in  th e  U V  r e g io n , th e  a b so r p tio n  c o e f f ic ie n t ,  a  ca n  b e  
c a lc u la te d  fro m  th e  e x p r e s s io n  [2 5 4 ]




w h e r e , T  i s  th e  ra tio  o f  tr a n s m is s io n  an d  t i s  th e  f i lm  th ic k n e s s . T h e  a b so rp tio n  
c o e f f ic ie n t  fo r  th e  a s -d e p o s ite d  Z n O :A l f ilm  w ith  0 .8  at. %  A1 w ith  a th ic k n e s s  o f  
3 0 0  n m  is  4 .9 5 x 1 0 3 c m ’1 at a w a v e le n g th  o f  9 0 0  n m . T h e  a b so r p tio n  c o e f f ic ie n t s  for  
th e  Z n O :A l f i lm  w ith  0 .8  at. % A1 are 4 . 2 6 x l 0 3, 4 . 2 9 x l 0 3 an d  4 . 3 1 x l 0 3c m '1 a n n e a led  
at 7 0 0 ° C  in  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .  W e  c a n  s e e  th a t th e  a b so rp tio n  
c o e f f ic ie n t s  d e c r e a s e  w ith  th e  a n n e a lin g  tem p e ra tu r es  in  d if fe r e n t  a tm o sp h e r e s .
7.2.4 Conclusions
H ig h ly  c o n d u c t iv e  an d  tran sp aren t f i lm s  o f  a lu m in u m  d o p e d  z in c  o x id e  h a v e  b e e n  
p rep a red  b y  th e  s o l - g e l  p r o c e s s . T h e  r e s is t iv i ty ,  h a ll m o b il i ty  an d  carrier  
c o n c e n tr a t io n  o f  th e  f i lm s  w e r e  m e a su r e d  fo r  d if fe r e n t  A 1 c o n c e n tr a tio n s  in  th e  
s o lu t io n  an d  a ls o  a n n e a le d  at d iffe r e n t  tem p e ra tu r es  in  th e  p r e s e n c e  o f  air, o x y g e n  
an d  n itr o g en . T h e  r e s is t iv i ty  o f  th e  f i lm s  c o n ta in in g  0 .8  at.%  A1 h a s  a m in im u m  v a lu e  
o f  1 .5 x l 0 ' 4 Q -c m , 1 . 8 x l 0 ' 4 Q - c m  an d  1 .3 x l 0 ' 4 Q - c m  w h e n  a n n e a le d  at 5 0 0 °C  in  air, 
o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .
T h e  f i lm s  h a v e  an  o p t ic a l  tra n sp a r en cy  u p  to  8 8 %  at 9 0 0  n m  fo r  a th ic k n e s s  o f  3 0 0  
n m . T h e  tr a n sp a r e n c y  o f  th e  f i lm s  in c r e a se s  w ith  th e  a n n e a lin g  tem p era tu re  b u t th e  
a tm o sp h e r e  d o e s  n o t  h a v e  a n y  s ig n if ic a n t  e f f e c t  o n  th e  tr a n s m is s io n  o f  th e  f ilm s .
T h e  a n n e a le d  f i lm s  are  p o ly c r y s ta l l in e  w ith  a  h e x a g o n a l  stru ctu re. T h e  sp e c tr a  s h o w  
w e l l  d e f in e d  d if fr a c t io n  p e a k s  in d ic a t in g  g o o d  c r y s ta ll in ity  a n d  a p referred  
o r ie n ta t io n  w ith  th e  c - a x is  p e r p e n d ic u la r  to  th e  su b stra te . T h e  c r y s ta ll in ity  o f  Z n O :A l  
f i lm s  is  im p r o v e d  w it h  th e  in c r e a se  o f  a n n e a lin g  tem p e ra tu r e . T h e  c r y s ta ll in ity  o f  th e  
f i lm s  h a s  n o  e f f e c t  o f  a tm o sp h e r e .
ZnO :A l film s prepared by this sol-gel process have properties o f transparency and
res is tiv ity  w hich are comparable to or better than those prepared by other methods
150
an d  are th u s  e m in e n t ly  su ita b le  fo r  a p p lic a t io n  as a lo w  c o s t  tra n sp a ren t e le c tr o d e  in  
th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s .
7.3 Preparation and properties of transparent conductive ITO thin films 
deposited by sol-gel process
7.3.1 Introduction
In d iu m  t in  o x id e  c o m m o n ly  re ferr ed  to  as IT O  is  a n  n - ty p e  se m ic o n d u c to r  w ith  a 
b a n d  g a p  b e t w e e n  3 .5  an d  4 .3  e V  an d  a  m a x im u m  p o s s ib le  c h a rg e  carrier  
c o n c e n tr a tio n  o f  th e  o rd er  o f  1 0 21 c m '3 [ 2 5 5 -2 5 7 ] .  C o n s e q u e n t ly  IT O  is  tran sp aren t to  
v is ib le  an d  n ea r -in fr a re d  l ig h t  an d  h a s  a  lo w  e le c tr ic a l  r e s is t iv ity . IT O  f i lm s  h a v e  
h ig h  lu m in o u s  tr a n sm itta n c e , h ig h  in frared  r e f le c ta n c e , g o o d  e le c tr ic a l  c o n d u c tiv ity ,  
e x c e l le n t  su b stra te  a d h e r e n c e , h a r d n e ss  an d  c h e m ic a l in e r tn e s s  a n d  h e n c e ,  h a v e  b e e n  
w id e ly  an d  in te n s iv e ly  s tu d ie d  fo r  m a n y  y e a r s  [ 2 5 7 - 2 6 1 ] .  B e c a u s e  o f  th e se  
p r o p e r t ie s , IT O  f i lm s  are e x t e n s iv e ly  u s e d  as c o a t in g  e le c tr o d e s  in  o p to e le c tr o n ic  
d e v ic e s  [ 2 6 2 ] ,  e le c tr o lu m in e s c e n t  d e v ic e s  [ 2 6 3 ] ,  p h o to v o lta ic  c e l ls  [2 6 4 -2 6 6 ] ,  
e le c tr o c h r o m ic  d e v ic e s  [ 2 6 2 ] ,  l iq u id  cr y sta l d is p la y s  [ 2 6 2 ,2 6 7 ] ,  se n so r s  [2 6 8 ] ,  
s to r a g e -ty p e  c a th o d e  r a y  tu b e s  [ 2 6 2 ] ,  b io lo g ic a l  d e v ic e s  [ 2 6 9 ] ,  f la t  p a n e l d is p la y  
d e v ic e s  [ 2 7 0 ,2 7 1 ]  an d  h e a t  r e f le c t in g  m irrors [ 2 7 2 ] .
T h e  o p t ic a l  an d  e le c tr ic a l  p r o p e r t ie s  o f  IT O  f i lm s  are fo u n d  to  b e  s e n s i t iv e  to  
p rep a ra tio n  c o n d it io n s . T ra n sp a ren t c o n d u c t iv e  IT O  th in  f i lm s  h a v e  b e e n  p rep a red  b y  
a  v a r ie ty  o f  m e th o d s ,  s u c h  a s  r e a c t iv e  e le c tr o n  b e a m  e v a p o r a t io n  [ 2 7 3 ] ,  D C  
m a g n e tr o n  sp u tte r in g  [ 2 7 4 - 2 7 6 ] ,  e v a p o r a tio n  [ 2 7 7 ] ,  r e a c t iv e  th e rm a l d e p o s it io n  
[ 2 7 8 ] ,  sp ra y  p y r o ly s is  [ 2 6 6 ,2 7 9 ] ,  la se r  a b la tio n  [2 8 0 ]  an d  m o r e  r e c e n t ly  b y  th e  s o l-  
g e l  p r o c e s s  [ 2 5 9 ,2 8 1 - 2 8 3 ] .  A m o n g s t  th e  d iffe r e n t  t e c h n iq u e s  a v a ila b le , th e  s o l- g e l  
m e th o d  s e e m s  to  b e  th e  m o s t  a ttra ctiv e  o n e  d u e  to  e a s e  o f  c o a t in g  o n  th e  d e s ir e d  
sh a p e  an d  area , e a s y  c o n tr o l o f  th e  d o p in g  le v e l ,  s o lu t io n  c o n c e n tr a tio n  an d  
h o m o g e n e ity  w ith o u t  u s in g  e x p e n s iv e  an d  c o m p lic a te d  e q u ip m e n t  w h e n  co m p a re d  
w ith  o th e r  m e th o d s . In  g e n e r a l, th is  s o l - g e l  p r o c e s s  a ls o  u s e s  m e ta l a lk o x id e s  a s raw  
m a te r ia ls , b u t it  is  v e r y  d if f ic u lt  to  o b ta in  in d iu m  an d  t in  a lk o x id e s  b e c a u s e  o f  
p rep a ra tio n  p r o b le m s , u n a v a ila b il ity  o r  e x p e n s iv e  c o s t .  T h u s  as fo r  th e  Z n O  f ilm s , w e
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h a v e  p rep a re d  IT O  th in  f i lm s  fro m  th e  s o l - g e l  p r o c e s s  u s in g  in o r g a n ic  m e ta l sa lts  as 
ra w  m a te r ia ls  w ith  a p p ro p r ia te  o r g a n ic  s o lv e n ts .
T h is  ch a p te r  rep o r ts  th e  p r o p e r tie s  o f  IT O  f i lm s  p rep a red  b y  th e  s o l - g e l  p r o c e s s  fro m  
n o n -a lk o x id e  c o m p o u n d s  an d  in o r g a n ic  sa lts . T h e  r e s is t iv i ty  o f  th e  IT O  f i lm s  h as  
b e e n  m e a su r e d  a s  a  fu n c t io n  o f  t in  d o p a n t c o n c e n tr a t io n  a n d  a n n e a lin g  tem p era tu re  
in  d iffe r e n t  a tm o sp h e r e s  a n d  th e  stru ctu re  an d  c o m p o s it io n  o f  th e  f i lm s  h a s  b e e n  
in v e s t ig a te d .
7.3.2 Experimental procedure
A n h y d r o u s  in d iu m  tr ic h lo r id e  ( I n C ^ )  w a s  d is s o lv e d  in  a c e ty la c e to n e  an d  th e  so lu t io n  
w a s  r e f lu x e d  at 6 0 °C  fo r  3 h o u r s . A n h y d r o u s  t in  ( I V )  c h lo r id e  (S n C L )  w a s  d is s o lv e d  
in  e th a n o l a n d  th is  s o lu t io n  w a s  m ix e d  w ith  th e  r e f lu x e d  s o lu t io n  at r o o m  
tem p e ra tu r e . F ig . 7 .2 0  s h o w s  th e  p rep a ra tio n  p r o c e d u r e  o f  IT O  th in  f i lm  b y  th e  s o l-  
g e l  p r o c e s s .  S u b str a te s  w e r e  d ip p e d  in  th e  sta rtin g  s o lu t io n  a n d  w ith d r a w n  at a ra te o f  
0 .2  c m  s '1. T h e  c o a te d  su b stra te s  w e r e  h e a te d  at 2 6 0 ° C  fo r  1 0  m in . a fter  e a c h  d ip p in g . 
T h e  th ic k n e s s  o f  th e  f i lm  w a s  a p p r o x im a te ly  4 0  n m  fo r  e a c h  d ip p in g . B y  r e p e a tin g  
th e  a b o v e  p r o c e d u r e , in d iu m  t in  o x id e  f i lm s  o f  d iffe r e n t  th ic k n e s s  w e r e  o b ta in ed .
7.3.3 Results and discussion
7.3.3.1 Electrical Properties
F ig . 7 .2 1  s h o w s  th e  r e s is t iv i ty  o f  IT O  th in  f i lm s  w ith  t in  d o p a n t c o n c e n tr a tio n s  in  th e  
s o lu t io n  a n n e a le d  at 5 0 0 ° C  in  air, o x y g e n  an d  n itr o g e n  fo r  o n e  h o u r . It w a s  fo u n d  that  
th e  r e s is t iv i ty  o f  IT O  f i lm s  is  s tr o n g ly  d e p e n d e n t  o n  th e  t in  d o p in g  co n ce n tr a tio n . 
T h e  r e s is t iv i ty  o f  th e  f i lm  d e c r e a s e d  w ith  in c r e a s in g  S n  c o n te n t  u p  to  1 0  w t. % and  
th e  r e s is t iv i ty  in c r e a s e d  fo r  g rea ter  S n  c o n te n t. T h e  r e s is t iv i ty  o f  1 0  w t .  % S n  co n ten t  
IT O  f i lm s  s h o w e d  a  m in im u m  v a lu e  o f  8 .5 x l 0 ' 4 Q - c m  in  air, 9 .8 x l 0 ' 4 Q -c m  in  
o x y g e n  an d  8 .0 x l 0 ' 4 Q - c m  in  n itr o g en . R e s is t iv i t ie s  are m e a su r e d  o n  d iffer en t  
p o s it io n s  o n  th e  s a m p le  an d  th e  a v e r a g e  v a lu e  is  ta k e n . F r o m  th e  m e a su r e m e n ts  o f  
d iffe r e n t  p o s it io n s ,  m e a su r e m e n t  error w a s  c a lc u la te d  to  b e  ±  2 .5  % . F ig . 7 .2 2 ,  7 .2 3  
a n d  7 .2 4  s h o w  th e  v a r ia t io n  o f  h a ll m o b il i ty  (ja) an d  ca rr ier  c o n c e n tr a t io n  (n )  w ith  S n  
d o p in g  c o n c e n tr a t io n  a n n e a le d  at 5 0 0 °C  in  p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n
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r e s p e c t iv e ly .  T h e s e  f ig u r e s  s h o w  that th e  carrier  c o n c e n tr a tio n  o f  th e  f ilm s  in c r e a se s  
an d  th e  h a ll m o b il ity  d e c r e a s e s  w ith  h ig h e r  S n  c o n te n t.
F ig u r e  7 .2 0  P rep a ra tio n  p ro ce d u re  o f  IT O  th in  f ilm  b y  s o l - g e l  p r o c e s s .
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Sn  D o p a n t C oncentration  (w t.% )
Figure 7.21 Resistivity of the ITO thin films as a function of tin dopant concentration 












S n  D op an t C oncentration  (w t. % )
Figure 7.22 V aria tion o f ha ll m ob ility  (p.) and carrier concentration (n) w ith  Sn
doping concentration annealed at 500°C in  presence o f air.
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S n  D op an t C oncentration  (w t. %)
F ig u r e  7 .2 3  V a r ia t io n  o f  h a ll m o b il i ty  (|.i) an d  e a r n e r  c o n c e n tr a t io n  (n )  w ith  S n  










Sn D opant C oncentration  (w t. %)
Figure 7.24 V aria tion o f ha ll m ob ility  (jj,) and carrier concentration (n) w ith  Sn
doping concentration annealed at 500°C in  presence o f nitrogen.
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T h is  b e h a v io u r  w h e r e  a n  in it ia l r e d u c t io n  in  r e s is t iv i ty  w ith  in c r e a s in g  S n  co n ten t  
f o l lo w e d  b y  in c r e a s in g  r e s is t iv i ty  at h ig h e r  S n  c o n c e n tr a t io n s  i s  w e l l  k n o w n  fro m  th e  
m e a su r e m e n ts  o f  IT O  f i lm s  p rep a re d  b y  o th e r  m e th o d s  [ 2 8 4 ,2 8 5 ] .  W ith  in c r e a s in g  
S n  c o n te n t , n o t  a ll th e  S n  a to m s c a n  b e  su b st itu te d  to  In  a to m  s ite s .  S n  a to m s w h ic h  
c a n  n o t  b e  su b st itu te d  to  in d iu m  s i t e s  d o  n o t  b e h a v e  a s  e f f e c t iv e  d o n o r s . A  sm a ll  
a m o u n t o f  S n (I V )  is  c h a n g e d  to  S n (II )  w h ic h  a ct as a c c e p to r s . K o s t l in  e t  al. [2 8 5 ]  
r e p o r ted  th a t S n  io n s  are v e r y  c lo s e  to  e a c h  o th e r  w h e n  th e  c o n c e n tr a t io n  o f  S n  io n s  
i s  v e r y  h ig h . W h e n  th is  o c c u r s , o n e  o f  th e  n e ig h b o u r in g  S n (I V )  io n  h a s  th e  te n d e n c y  
to  c h a n g e  in to  S n (II) . S n (I V )  io n s  are  a s s o c ia te d  w ith  S n (II )  io n s  b y  a n  e le c tr o sta t ic  
fo r c e . T h is  a s s o c ia t io n  fo r m s  a  k in d  o f  d e fe c t  c o m p le x . T h e  a v e r a g e  e le c tr ic a l  ch a rg e  
o f  th e  c o m p le x  is  + 3 . T h e  a s s o c ia te d  S n  io n s  th a t h a v e  th e  a v e r a g e  c h a r g e  + 3  m a y  
n o t  c o n tr ib u te  to  th e  e le c tr ic a l c o n d u c tio n . T h e  m o b il i ty  o f  th e  th in  f i lm s  a n n e a led  in  
air, o x y g e n  an d  n itr o g e n  is  v e r y  lo w . T h e  r e a so n  fo r  th e  lo w  m o b il i ty  w a s  c o n s id e r e d  
to  b e  d u e  to  th e  d e f e c ts  in  th e  In 2 0 3  c r y s ta l stru ctu re d o p e d  w it h  S n  a n d  th e  h ig h e r  
r e s is t iv i ty  at h ig h e r  S n  c o n te n t  w a s  c o n s id e r e d  to  b e  d u e  to  th e  v e r y  s m a ll  c r y s ta ls  in  
th e  th in  f i lm s  [ 2 5 8 ] .  T h e  s m a ll c r y s ta l g ra in s  h a v e  m a n y  g ra in  b o u n d a r ie s  w h ic h  m a y  
b e h a v e  a s  b arriers a g a in s t  th e  e le c tr o n  m o v in g  in s id e  th in  f ilm . It w a s  c o n s id e r e d  that 
th e s e  fa c to r s  c a u s e d  h ig h  r e s is t iv i t ie s  at h ig h e r  S n  c o n te n t  in  IT O  th in  f ilm s  
[ 2 5 8 ,2 5 9 ] .
F ig . 7 .2 5  s h o w s  th e  v a r ia tio n  o f  r e s is t iv i ty  o f  f i lm s  w ith  10  w t. %  S n  d o p in g  as a 
fu n c t io n  o f  a n n e a lin g  tem p e ra tu r e  in  air, o x y g e n  an d  n itr o g e n . T h e  sa m p le s  w e r e  
a n n e a le d  fo r  1 h o u r  at e a c h  tem p era tu re . U p  to  5 0 0 °C  th e re  w a s  a  la r g e  r e d u c tio n  in  
r e s is t iv ity .  T h is  r e d u c t io n  c o in c id e s  w ith  th e  im p r o v e m e n t  in  f i lm  c r y sta llin ity ,  
w h ic h  i s  s h o w n  la ter  in  th e  X -r a y  d iffr a c t io n  m e a su r e m e n ts . T h e  in c r e a se  in  
r e s is t iv i ty  at h ig h e r  tem p e ra tu r es  is  in  co n tra st  to  th e  r e su lts  r e p o r ted  b y  N is h io  et al. 
[2 5 8 ]  w h ic h  s h o w e d  n o  in c r e a se  in  r e s is t iv i ty  at h ig h e r  a n n e a lin g  tem p era tu re . T h e  
r e a so n  fo r  th e  in c r e a se  s e e n  h e r e  m a y  b e  d u e  to  o u td if fu s io n  o f  o x y g e n  fro m  th e  
f i lm s  at h ig h e r  tem p e ra tu r es  s in c e  it  h a s  b e e n  s h o w n  th a t th e  r e s is t iv i ty  re d u c tio n  is  
g re a ter  w h e n  a n n e a lin g  is  ca r r ied  o u t  in  a tm o sp h e r e s  w ith  a  h ig h e r  o x y g e n  
c o n c e n tr a t io n  [ 2 8 6 ]  s u g g e s t in g  th a t o x y g e n  v a c a n c ie s  p la y  an  im p o r ta n t r o le . T h e  
m inim um  v a lu e  o f  r e s is t iv i ty  o b ta in e d  a fter  a n n e a lin g  at 5 0 0 ° C  w a s  8 . 5 x l 0 ’4 Q -c m  in
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air, 9 . 8 x l 0 ' 4 Q - c m  in  o x y g e n  an d  8 . 0 x l 0 ' 4 Q - e m  in  n itr o g e n . It i s  w e l l  k n o w n  that 
e le c tr ic a l  c o n d u c t io n  o f  IT O  f i lm  i s  c a u s e d  b y  e le c tr o n s  fr o m  o x y g e n -d e f ic ie n t  
d e fe c ts  d u e  to  S n  su b st itu te d  fo r  In  [ 2 8 6 ] .  T h e  d if fe r e n c e  in  r e s is t iv i ty  b e tw e e n  th e  
th r ee  a tm o sp h e r e s  w a s  c a u se d  b y  th e  d if f e r e n c e  in  carrier  c o n c e n tr a t io n  an d  m o b il ity  







A nnealing T em perature (  C)
F ig u r e  7 .2 5  R e s is t iv i ty  o f  10  w t.%  S n -d o p e d  IT O  f i lm s  a s  a fu n c t io n  o f  a n n e a lin g  
tem p e ra tu r e  in  air, o x y g e n  an d  n itr o g e n .
F ig . 7 .2 6 ,  7 .2 7  an d  7 .2 8  s h o w  th e  v a r ia t io n  o f  h a ll  m o b i l i ty  ( ji)  an d  carrier  
c o n c e n tr a t io n  (n )  w it h  a n n e a lin g  tem p e ra tu r e  fo r  1 0  w t.%  S n -d o p e d  IT O  f ilm s  
a n n e a le d  in  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .  T h e s e  f ig u r e s  s h o w  th a t th e  carrier  
c o n c e n tr a t io n  in c r e a s e s  an d  th e  H a ll m o b i l i ty  d e c r e a s e s  w ith  a n n e a lin g  tem p era tu re. 
T h e  in c r e a s e  in  ca rr ier  c o n c e n tr a tio n  w ith  a n n e a lin g  te m p e ra tu r e  c o u ld  b e  re la te d  to  
th e  t in  th a t c o u ld  n o t  en ter  th e  in d iu m  s ite s  an d  w a s  r e p la c e d  w it h  in d iu m . T h e  
in c r e a se  in  carrier  c o n c e n tr a t io n  m a y  a ls o  b e  d u e  to  th e  in c r e a se  in  th e  n u m b e r  o f  
o x y g e n  v a c a n c ie s  w ith  th e  h ig h  tem p e ra tu r e  a n n e a lin g . T h e  d e c r e a s e  in  m o b il i ty  w ith  
h ig h  te m p e r a tu r e  a n n e a lin g  m a y  b e  d u e  to  th e  in c r e a se d  g ra in  b o u n d a r y  sc a tter in g
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[2 8 7 ] .  T h e  m in im u m  v a lu e  o f  r e s is t iv i ty  o f  8 . 0 x l 0 ' 4 Q - c m  w h ic h  h a s  b e e n  o b ta in e d  
fo r  1 0  w t.%  S n -d o p e d  IT O  f i lm s  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n  b y  th e  s o l- g e l  
p r o c e s s ,  w h ic h  is  c o m p a r a b le  to  th o s e  o b ta in e d  b y  o th e r  c o n v e n t io n a l m e th o d s . T a b le
7 .2  s h o w s  th e  r e s is t iv i ty  o f  IT O  f i lm s  p r o d u c e d  b y  d iffe r e n t  te c h n iq u e s .
T a b le  7 .2 :  R e s i s t iv i t y  o f  IT O  f i lm s
D e p o s i t io n  te c h n iq u e R e s is t iv ity ( Q - c m )
S o l - g e l  ( th is  w o r k ) 8 . 0 x l 0 ‘4
M a g n e tr o n  sp u tte r in g  [2 8 8 ] 3 .7 4 x 1  O'4
T h e r m a l e v a p o r a t io n  [2 8 9 ] 9 . 1 x l 0 ' 4
C h e m ic a l V a p o r  D e p o s it io n  [ 2 9 0  ] 2 .8 3 x lO ‘J











A nnealing T em perature (  C)
Figure 7.26 Varia tion o f ha ll m ob ility  (|x) and carrier concentration (n) as a function













A nnealing T em perature ( C)
F ig u r e  7 .2 7  V a r ia t io n  o f  h a ll  m o b il i ty  (|x) an d  carrier  c o n c e n tr a t io n  (n )  a s  a  fu n c t io n  









A nnealing T em perature ( C)
Figure 7.28 V aria tion o f ha ll m ob ility  (|i) and carrier concentration (n) as a function
o f annealing temperature in  nitrogen fo r 10 w t.%  Sn-doped ITO  film s.
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7.3.3.2 Roughness
The average roughness (Ra) values were measured for 10 wt.% Sn-doped ITO films 
annealed at different temperature in presence of air, oxygen and nitrogen. Fig. 7.29 
shows the variation of Ra with annealing temperature. Roughness of the substrate 
was measured to be 0.01 p.m and for the as-deposited film was 0.08 ¡am. The 
minimum resolution of the instrument is 0.01 (j,m. This is the limitation of this 
instrument. So we could not measure the roughness beyond this minimum range. 
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Figure 7.29 Variation of Roughness as a function of annealing temperature annealed 
in air, oxygen and nitrogen for 10 wt.% Sn-doped ITO films.
7.3.3.3 Structural Properties
7.3.3.3.1 X-ray Diffraction Spectroscopy
Fig. 7.30, 7.31 and 7.32 show the XRD spectra for 10 wt.% Sn-doped ITO films 
prepared from anhydrous indium trichloride by the sol-gel process annealed at
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d iffe r e n t te m p e r a tu r e s  in  p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly . A ll  th e  
sp e c tr a  s h o w  th a t a s -d e p o s ite d  f i lm s  are a m o r p h o u s . A fte r  a n n e a lin g  in  a tm o sp h e r e  
at 4 0 0 ° C  a n d  h ig h e r  te m p e ra tu r es , th e  f i lm s  s h o w e d  e v id e n c e  o f  c o n v e r s io n  fr o m  an  
a m o r p h o u s  s ta te  to  a  p o ly c r y s ta l l in e  s ta te . A s  is  s e e n , th e  p o s it io n  o f  th e  p e a k s  a g re e  
w e l l  w ith  th e  p o ly c r y s ta l l in e  c u b ic  b ix b y ite  In 2 0 3  s tru ctu re  w ith  n o  p referred  
o r ie n ta t io n  ( S e e  A p p e n d ix  A ) ,  w h ic h  are  in  v e r y  g o o d  a g r e e m e n t w ith  th e  Jo in t  
C o m m itte e  o n  P o w d e r  D if fr a c t io n  S ta n d a rd s (J C P D S )  d a ta  b a s e  (C ard  N o . 4 4 - 1 0 8 7 ) ,  
N o  p h a se s  c o r r e sp o n d in g  t o  t in  o r  t o  o th e r  t in  c o m p o u n d s  w e r e  d e te c te d  su g g e s t in g  
th a t th e  S n  w a s  in  s o lu t io n  in  th e  L1 2 O 3 . F r o m  a ll th e  X R D  sp ec tra , it  i s  s e e n  th a t th e  
h e ig h t  o f  th e  m a in  p e a k  in c r e a se s  w ith  in c r e a s in g  t h e  a n n e a lin g  tem p e ra tu r es . T h u s  
w e  c a n  c o n c lu d e  th a t th e  c r y s ta llin ity  o f  IT O  f i lm s  is  im p r o v e d  w ith  a n  in c r e a se  o f  
a n n e a lin g  te m p e r a tu r e  in  a ll a tm o sp h e r e s . A g a in , th e  X R D  sp e c tr a  o f  th e  IT O  f i lm s  
a n n e a le d  in  air, o x y g e n  a n d  n itr o g e n  s h o w  th a t th e  c r y s ta llin ity  o f  th e  f i lm s  d e p e n d s  
o n  th e  a n n e a lin g  te m p e r a tu r e s  rath er th a n  th e  a tm o sp h e r e .
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F ig u r e  7 .3 0  X R D  sp e c tr a  fo r  10  w t.%  S n -d o p e d  IT O  f i lm s  a n n e a le d  a t d iffe r e n t
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F ig u r e  7 .3 1  X R D  sp e c tr a  fo r  1 0  w t.%  S n -d o p e d  IT O  f i lm s  a n n e a le d  a t d iffe r e n t  
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F ig u r e  7 .3 2  X R D  sp e c tr a  fo r  1 0  w t.%  S n -d o p e d  IT O  f i lm s  a n n e a le d  at d iffe r e n t  
te m p e r a tu r e s  in  p r e s e n c e  o f  n itr o g e n .
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7.3.3.3.2 X-ray Photoelectron Spectroscopy
A  X -r a y  p h o to e le c tr o n  s p e c tr o s c o p y  ( X P S )  sp e c tr u m  o f  th e  a s -d e p o s ite d  in d iu m  tin  
o x id e  th in  f i lm s  w ith  10%  t in  c o n te n t  d e p o s ite d  o n  a  s i l i c o n  w a fe r  i s  sh o w n  in  fig .
7 .3 3 .  P h o to e le c tr o n  p e a k s  fo r  In , S n , O  an d  C  w e r e  r e c o r d e d  fo r  th e  IT O  f i lm  in  th e  
b in d in g  e n e r g y  r a n g e  o f  0  to  1 1 0 0  e V . T h e  b in d in g  e n e r g y  o f  th e  O  I s  p h o to e le c tr o n  
p e a k  i s  at 5 3 4  e V . A  C  I s  p e a k  at a  b in d in g  e n e r g y  o f  2 8 4  e V  i s  a lso  o b s e r v e d  o n  th e  
su r fa c e  o f  th e  f ilm . T h e  p r e s e n c e  o f  th is  p e a k  i s  r e la te d  to  su r fa c e  p o llu t io n  w h ic h  
c o r r e sp o n d s  to  th e  fa c t  that th e  sa m p le s  w e r e  e x p o s e d  to  a ir  b e fo r e  th e  X P S  
m e a su r e m e n ts .
F ig u r e  7 .3 3  X P S  w id e  s c a n  sp e c tr a  o f  th e  a s -d e p o s ite d  1 0  w t.%  S n -d o p e d  IT O  th in
f i lm  d e p o s ite d  o n  s i l ic o n .
I
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T h e  X P S  sp e c tr a  fo r  th e  O  I s  p e a k  an d  th e  In  3 d  an d  S n  3 d  d o u b le ts  are s h o w n  in  f ig .
7 .3 4 ,  f ig . 7 .3 5  an d  f ig . 7 .3 6  r e s p e c t iv e ly .  T h e s e  s h o w  e v id e n c e  o f  o n ly  o n e  b in d in g  
sta te  fo r  In  an d  S n  s in c e  th e re  is  n o  s ig n  o f  b r o a d e n in g  o r  s p lit t in g  o f  th e  p ea k s . F ig .
7 .3 4 ,  f ig . 7 .3 5  an d  f ig .  7 .3 6  in d ic a te  th a t o x y g e n  is  b o n d e d  to  th e  in d iu m  an d  tin  and  
th a t IT O  is  fo r m e d  [ 2 9 2 ,2 9 3 ] .  T h e  b in d in g  e n e r g y  o f  In  3 d 5/2 at 4 4 5 .1  e V  m ea su re d  
fro m  IT O  f i lm  s h o w n  in  f ig . 7 .3 5  c a n  b e  a ttr ib u ted  to  th e  In 3+ b o n d in g  sta te  fro m  
In 2 0 3  w h ic h  c o r r e sp o n d s  to  th e  p r e v io u s  s tu d ie s  [ 2 9 4 ,2 9 5 ] .  T h e  b in d in g  e n e r g y  o f  S n  
3d5/2 is  at 4 8 7 .1  e V  ( f ig . 7 .3 6 )  an d  c o r r e sp o n d s  to  th e  S n 4+ b o n d in g  s ta te  fro m  S n 0 2
[ 2 9 4 ,2 9 6 ] ,
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F ig u re  7 .3 5  X P S  n arrow  sc a n  sp ec tr a  o f  In 3d  d o u b le t  fro m  IT O  film .
Binding E nergy (eV )
F ig u r e  7 .3 6  X P S  n a rro w  s c a n  sp e c tr a  o f  S n  3 d  d o u b le t  fr o m  IT O  f ilm .
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7.3.3.4 Optical Properties
In fo r m a tio n  c o n c e r n in g  o p tic a l tr a n sm itta n c e  is  im p o r ta n t in  e v a lu a t in g  th e  o p tic a l 
p e r fo r m a n c e  o f  c o n d u c t in g  o x id e  f i lm s . A  h ig h  tr a n sp a r e n c y  fo r  th e  IT O  th in  f ilm  in  
th e  v is ib le  r e g io n  is  re q u ir ed  in  a p p lic a t io n s  w it h  tra n sp a ren t e le c tr o d e s  for  
o p to e le c tr o n ic  d e v ic e s .  F ig . 7 .3 7 ,  7 .3 8  an d  7 .3 9  s h o w  th e  o p tic a l  tr a n sm is s io n  sp ectra  
fo r  10  w t.%  S n -d o p e d  IT O  f i lm s  w ith  a  th ic k n e s s  o f  2 5 0  n m  a n n e a le d  at d iffer en t  
tem p e ra tu r es  in  th e  p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n . T h e  o p t ic a l  tr a n sm is s io n  o f  
IT O  f i lm s  in  th e  v i s ib le  r e g io n  im p r o v e d  w ith  in c r e a s in g  a n n e a lin g  tem p era tu re  
sh o w in g  m a x im u m  tr a n sm itta n c e  at 9 0 0  n m  o f  7 8 %  fo r  a s -d e p o s ite d  f i lm  and  
8 8 .6 9 % , 8 7 .2 4 %  an d  8 7 .2 1 %  w h e n  a n n e a le d  at 7 0 0 ° C  in  air, o x y g e n  an d  n itr o g e n  
r e s p e c t iv e ly .  T h e  U V  a b so r p tio n  e d g e  is  lo c a te d  at a p p r o x im a te ly  3 0 0  n m . T h e  
o p tic a l tr a n s m is s io n  o f  IT O  f ilm  in c r e a se s  fro m  7 8 %  to  8 9 %  at 9 0 0  n m  in  a ll c a s e s ,  
w h ic h  is  s u f f ic ie n t ly  h ig h  fo r  u s e  a s  a  tra n sp a ren t e le c tr o d e  in  th in  f ilm  
e le c tr o lu m in e s c e n t  d e v ic e s  [ 2 8 9 ,2 9 7 ] ,  F ro m  th e  t r a n s m is s io n  sp e c tr a  o f  IT O  f i lm s  in  
d iffe r e n t  a tm o sp h e r e s , w e  c a n  s e e  th a t th e  a tm o sp h e r e  h a s  n o  s ig n if ic a n t  e f f e c t  o n  th e  
o p tic a l tr a n s m is s io n  o f  th e  f ilm s .
H ig h  tem p e ra tu r e  a n n e a lin g  le a d s  to  f i lm s  w ith  a  s te e p e r  o p t ic a l  a b so r p tio n  cu rv e , 
w h ic h  in d ic a te s  a  b e tte r  c r y s ta ll in ity  o f  th e  f i lm s  an d  lo w e r  d e fe c t  d e n s ity  n ea r  th e  
b a n d  e d g e . T h e  in c r e a s e  in  o p tic a l  tra n sm itta n c e  w ith  tem p e ra tu r e  c a n  b e  attr ibu ted  
to  th e  in c r e a se  o f  stru ctu ra l h o m o g e n e ity  an d  c r y s ta ll in ity  [2 5 7 ] ,
F r o m  th e  tr a n s m is s io n  sp e c tr a  in  th e  U V  r e g io n , th e  a b so r p tio n  c o e f f ic ie n t ,  a  ca n  b e  
c a lc u la te d  u s in g  e q u a tio n  7 .2 . T h e  a b so r p tio n  c o e f f ic ie n t  fo r  th e  a s -d e p o s ite d  10  
w t.%  S n -d o p e d  IT O  f i lm s  w it h  a  th ic k n e s s  o f  2 5 0  n m  is  9 . 9 4 x l 0 3 c m '1 at a  
w a v e le n g t h  o f  9 0 0  n m . T h e  a b so r p tio n  c o e f f ic ie n t s  fo r  1 0  w t.%  S n -d o p e d  IT O  f ilm s  
w ith  a  th ic k n e s s  o f  2 5 0  n m  are 5 . 4 6 x l 0 3, 4 . 8 0 x l 0 3 an d  5 . 4 7 x l 0 3c m '1 at a  w a v e le n g th  
o f  9 0 0  n m  a n n e a le d  at 7 0 0 ° C  in  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .  W e  c a n  s e e  
th a t th e  a b so r p tio n  c o e f f ic ie n t s  d e c r e a s e  w ith  th e  a n n e a lin g  tem p e ra tu r es  in  d iffe r e n t  
a tm o sp h e r e s .
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F ig u r e  7 .3 7  O p tica l tr a n s m is s io n  sp e c tr a  fo r  10  w t.%  S n -d o p e d  IT O  f i lm s  w ith  a  
th ic k n e s s  o f  2 5 0  n m  a n n e a le d  a t  d iffe r e n t  te m p e r a tu r e s  in  p r e s e n c e  o f  air.
W avelen gth  (n m )
F ig u r e  7 .3 8  O p tica l tr a n s m is s io n  sp e c tr a  fo r  10  w t.%  S n -d o p e d  IT O  f i lm s  w ith  a  
th ic k n e s s  o f  2 5 0  n m  a n n e a le d  a t d iffe r e n t  te m p e r a tu r e s  in  p r e s e n c e  o f  o x y g e n .
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W avelen gth  (n m )
F ig u r e  7 .3 9  O p tica l tr a n s m is s io n  sp e c tr a  fo r  1 0  w t.%  S n -d o p e d  IT O  f i lm s  w ith  a  
t h ic k n e s s  o f  2 5 0  n m  a n n e a le d  at d if fe r e n t  te m p e r a tu r e s  in  p r e s e n c e  o f  n itr o g en .
7.3.4 Conclusions
IT O  f i lm s  h a v e  b e e n  p rep a red  b y  t h e  s o l - g e l  p r o c e s s  u s in g  lo w  c o s t ,  n o n -a lk o x id e  
c o m p o u n d s . T h e  r e s is t iv ity , h a ll  m o b il i ty  a n d  carrier  c o n c e n tr a t io n  o f  th e  f i lm s  w e r e  
m e a su r e d  fo r  d iffe r e n t  S n  c o n c e n tr a t io n  in  th e  s o lu t io n  an d  a ls o  a n n e a le d  at d iffer en t  
te m p e r a tu r e s  in  th e  p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n . T h e  r e s is t iv ity  o f  th e  f i lm s  
c o n ta in in g  10%  S n  h a s  a  m in im u m  v a lu e  o f  8 .5 x 1 0 ^  Q -c m , 9 . 8 x l 0 ' 4 Q - c m  an d  
8 .0 x 1  O'4 Q - c m  w h e n  a n n e a le d  a t  5 0 0 ° C  in  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .
T h e  f i lm s  h a v e  a n  o p tic a l tr a n sp a r e n c y  u p  t o  8 9 %  at 9 0 0  n m . T h e  a tm o sp h e r e  h a s  n o  
s ig n if ic a n t  e f f e c t  o n  th e  o p tic a l tr a n s m is s io n  o f  th e  f ilm s .
T h e  f i lm s  are p o ly c r y s ta l l in e  in d iu m  o x id e  w ith  a  c u b ic  b ix b y i te  stru ctu re  w ith  n o  
p r e fe r r e d  o r ien ta tio n . T h e r e  is  n o  e v id e n c e  o f  S n  c o m p o u n d  (S n O , S n 0 2 , e tc .)  in  th e  
X R D  sp e c tr u m  s h o w in g  th a t  a  s o lu t io n  o f  S n  in  In 2 0 3  is  fo r m e d . T h e  c r y s ta llin ity  o f  
t h e  f i lm s  i s  n o t  im p a c te d  b y  e x p o s u r e  t o  d iffe r e n t  a tm o sp h e r e s  (a ir, O 2  an d  N 2).
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X P S  a n a ly s is  h a s  s h o w n  th a t th e  o x y g e n  a to m s  are b o n d e d  to  In  a to m s  a n d  S n  a to m s  
in d ic a t in g  th e  fo r m a tio n  o f  IT O  c o m p o u n d .
IT O  f i lm s  p rep a re d  b y  th is  s o l - g e l  p r o c e s s  h a v e  p r o p e r t ie s  o f  tr a n sp a r en cy  an d  
r e s is t iv i ty  w h ic h  are c o m p a r a b le  to  th o s e  p rep a re d  b y  o th e r  m e th o d s  an d  h a v e  th e  
p o te n t ia l  fo r  a p p lic a t io n  to  la r g e  p a n e ls  at lo w  c o s t .
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Chapter 8
COMBINED EFFECT OF INSULATING AND TRANSPARENT 
CONDUCTING LAYERS USED IN THIN FILM 
ELECTROLUMINESCENT DEVICES
8.1 Introduction
G e n e r a lly  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s  c o n s is t  o f  an  in su la t in g  la y er , 
tra n sp a ren t c o n d u c t in g  la y e r  an d  an  a c t iv e  la y e r , c a l le d  th e  p h o s p h o r  la y e r . T h er e  are 
t w o  d e v ic e  s tru ctu r es  u s e d  in  p r a c t ic a l th in  f i lm  e le c tr o lu m in e s c e n t  d isp la y s:  (a ) a 
c o n v e n t io n a l d e v ic e  s tru ctu res an d  (b )  a n  in v e r te d  d e v ic e  stru ctu res.
F ig . 8 .1  s h o w s  th e  fu n d a m e n ta l d e v ic e  stru ctu re o f  a c o n v e n t io n a l  th in  f ilm  
e le c tr o lu m in e s c e n t  d e v ic e  c o n s is t in g  o f  m e ta l  e le c tr o d e / in s u la t in g  la y e r / p h o sp h o r  
la y e r / in s u la t in g  la y e r /  tra n sp a ren t e le c tr o d e / g la s s  su b stra te . G e n e r a lly  th e  d e v ic e  
c o n s is t s  o f  a  tr ip le  la y e r  stru ctu re , n a m e ly ,  an  a c t iv e  la y e r  s a n d w ic h e d  b e tw e e n  tw o  
in s u la t in g  la y e r s . B e c a u s e  o f  th is  sa n d w ic h  stru ctu re, u n d e s ir a b le  le a k a g e  cu rren t  
f lo w in g  th r o u g h  th e  d e v ic e  i s  p r e v e n te d . C o n se q u e n t ly , th e  d e v ic e  c a n  k e e p  a 
s u f f ic ie n t ly  h ig h  e le c tr ic  f ie ld  fo r  E L  o p e r a tio n  a c r o ss  th e  a c t iv e  la y e r  w ith o u t  
b r e a k d o w n . In  th e  c o n v e n t io n a l  T F E L  d e v ic e ,  th e re  is  a  tra n sp a ren t e le c tr o d e  o n  top  
th e  o f  su b stra te  an d  a  m e ta l e le c tr o d e  o n  to p  o f  th e  u p p er  in su la to r .
F ig . 8 .2  s h o w s  th e  s tru ctu re  o f  an  in v e r te d  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e  
c o n s is t in g  o f  tra n sp a ren t e le c tr o d e / in s u la t in g  la y e r / p h o sp h o r  la y e r /  in su la t in g  la y e r /  
m e ta l e le c tr o d e / g la s s  su b stra te . In  th e  in v e r te d  T F E L  d e v ic e ,  th e  m e ta l e le c tr o d e  is  
o n  to p  o f  th e  su b stra te  an d  th e  tra n sp a ren t e le c tr o d e  is  o n  to p  o f  th e  u p p er  in su la to r .
170
M e ta l e le c tr o d e  
In su la to r  
P h o sp h o r  
In su la to r
T ran sp aren t e le c tr o d e  
S u b stra te
F ig u r e  8 .1  F u n d a m e n ta l s tru ctu re  o f  a  c o n v e n t io n a l th in  f i lm  e le c tr o lu m in e s c e n t
d e v ic e .
T ran sp aren t e le c tr o d e
In su la to r
P h o sp h o r
In su la to r
M e ta l e le c tr o d e
S u b stra te
Figure 8.2 Fundamental structure o f an inverted th in  film  electrolum inescent device.
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T h e  e le c tr ic a l ,  o p tic a l a n d  stru ctu ra l p r o p e r t ie s  o f  in su la t in g  la y e r s  an d  tran sp aren t  
e le c tr o d e s  p rep a red  b y  s o l - g e l  p r o c e s s  are d is c u s s e d  in  ch a p te r  6  an d  ch ap ter  7  
r e s p e c t iv e ly .  In  a n  in v e r te d  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e ,  th e  tran sparen t  
e le c tr o d e  i s  u s e d  o n  to p  o f  th e  u p p e r  in su la to r . T h e  in d iv id u a l c h a r a c te r is tic s  o f  
in s u la t in g  an d  tran sp aren t c o n d u c t in g  f i lm s  s tu d ie d  in  ch a p te r  6  a n d  7  are fo u n d  to  b e  
su ita b le  fo r  u s e  in  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s .  B u t  i f  th e  tran sp aren t  
c o n d u c t in g  f i lm s  are d e p o s ite d  o n  to p  o f  in s u la t in g  f i lm s , th e ir  p r o p e r t ie s  m a y  b e  
c h a n g e d . T h e  c o m b in e d  c h a r a c te r is t ic s  o f  tra n sp a ren t e le c tr o d e s  d e p o s it e d  o n  to p  o f  
th e  in s u la t in g  la y e r  are s tu d ie d  an d  d is c u s s e d  in  th is  ch ap ter.
8.2 Characterization of Transparent Conductive ZnO:Al Thin Films Deposited 
on Titanium Dioxide Film and Tantalum Oxide Film by Sol-gel Process
8.2.1 Introduction
T ra n sp a ren t c o n d u c t in g  o x id e  c o a t in g s  h a v e  b e e n  e x t e n s iv e ly  u s e d  a s  tran sp aren t  
e le c tr o d e s  in  e le c tr o lu m in e s c e n t  d is p la y  d e v ic e s .  T h e  e le c tr o d e  m a te r ia l fo r  d isp la y  
d e v ic e s  m u s t  b e  c o n d u c t in g  an d  o p t ic a l ly  tran sp aren t. Z in c  o x id e  b a s e d  c o a t in g s  
h a v e  r e c e n t ly  r e c e iv e d  m u c h  a tte n tio n  as tran sp aren t e le c tr o d e s  b e c a u s e  th e y  h a v e  
a d v a n ta g e s  o v e r  th e  m o r e  c o m m o n ly  u s e d  in d iu m  an d  t in -b a s e d  o x id e  f i lm s . In d iu m  
o x id e  an d  t in  o x id e  f i lm s  are u s u a lly  m o r e  e x p e n s iv e  th a n  z in c  o x id e  f i lm s . P u re  z in c  
o x id e  f i lm s ,  a lth o u g h  tran sp aren t, are  u s u a lly  h ig h ly  r e s is t iv e .  N o n -s to ic h io m e tr ic  
an d  d o p e d  z in c  o x id e  f i lm s  h a v e  h ig h  c o n d u c t iv it ie s .  F o r  p r a c t ic a l a p p lic a t io n s ,  
th e r e fo r e , d o p e d  Z n O  f i lm s  are m o r e  su ita b le .
A lu m in u m  d o p e d  z in c  o x id e  th in  f i lm s  h a v e  b e e n  p rep a red  o n  g la s s  su b stra te s  b y  th e  
s o l - g e l  p r o c e s s  an d  th e ir  e le c tr ic a l  r e s is t iv i ty  h a s  b e e n  m e a su r e d . T h e  r e s is t iv ity  o f
0 .8  at.%  A 1 c o n te n t  Z n O  f i lm s  s h o w e d  th e  m in im u m  v a lu e  o f  1 .3 x l 0 ' 4 Q -c m  
a n n e a le d  at 5 0 0 ° C  in  n itr o g en . N o w  Z n O :A l th in  f i lm s  h a v e  b e e n  d e p o s ite d  o n  
t ita n iu m  d io x id e  an d  ta n ta lu m  o x id e  c o a te d  su b stra te s  an d  th e  p e r fo r m a n c e  o f  th e  
tra n sp a ren t c o n d u c in g  Z n O : A1 f i lm s  o n  to p  o f  th e s e  in s u la t in g  f i lm s  w a s  in v e s t ig a te d  
fo r  th e ir  u s e  in  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s .
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8.2.2 Results and Discussion
F ig . 8 .3  s h o w s  th e  r e s is t iv i ty  o f  a lu m in u m  d o p e d  z in c  o x id e  th in  f i lm s  w ith  
a lu m in u m  d o p a n t c o n c e n tr a tio n s  in  th e  s o lu t io n  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n  
d e p o s ite d  o n  t ita n iu m  d io x id e  th in  f i lm . T h e  r e s is t iv i ty  o f  th e  f i lm  d e c r e a s e d  w ith  
in c r e a s in g  A 1 c o n te n t  u p  to  0 .8  at.% . T h e  r e s is t iv i ty  o f  0 .8  at.%  A 1 c o n te n t  Z n O  f i lm s 
s h o w e d  a  m in im u m  v a lu e  o f  2 . 5 x l 0 ' 3 Q - c m  a n d  th e re a fter  th e  r e s is t iv i ty  started  to  
in c r e a s e  w it h  in c r e a s e d  d o p in g  s im ila r  to  th e  b e h a v io u r  s h o w n  fo r  Z n O :A l th in  f i lm s 





A1 D opan t C oncentration  (atom ic %)
F ig u r e  8 .3  R e s i s t iv i t y  o f  th e  Z n O :A l th in  f i lm s  as a  fu n c t io n  o f  a lu m in u m  d o p a n t  
c o n c e n tr a t io n  in  th e  s o lu t io n  d e p o s ite d  o n  t ita n iu m  d io x id e  th in  f i lm  a n n e a le d  at
5 0 0 ° C  in  n itr o g e n .
Fig. 8.4 shows the res is tiv ity  o f 0.8 at.% A1 doped ZnO film s as a function o f
annealing temperature in  nitrogen deposited on titan ium  dioxide th in  film . Samples
were annealed fo r 1 hour at each temperature. The re s is tiv ity  decreased s ign ifican tly
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w ith  a n n e a lin g  tem p e ra tu r e  up  to  5 0 0 ° C  in  n itr o g e n  a n d  th e n  it  started  in c r e a s in g  
s im ila r  to  th e  b e h a v io u r  s h o w n  fo r  Z n O :A l th in  f i lm s  d e p o s it e d  o n  g la s s . T h e
• . "3 • » 0
m in im u m  v a lu e  o f  r e s is t iv i ty  o f  2 .5 x 1 0 '  Q - c m  w a s  o b ta in e d  a fter  a n n e a lin g  at 5 0 0  C  
in  n itr o g e n  w h ic h  i s  h ig h e r  th an  th e  r e s is t iv i ty  o f  1 .3 x 1  O'4 Q - c m  o b ta in e d  fo r  Z n O :A l  






A nnealing T em perature ( C)
F ig u r e  8 .4  R e s i s t iv i t y  o f  0 .8  at.%  A1 d o p e d  Z n O  th in  f i lm s  as a  fu n c t io n  o f  a n n e a lin g  
te m p e ra tu r e  in  n itr o g e n  d e p o s ite d  o n  t ita n iu m  d io x id e  th in  f ilm .
F ig . 8 .5  s h o w s  th e  r e s is t iv i ty  o f  a lu m in u m  d o p e d  z in c  o x id e  th in  f i lm s  w ith  
a lu m in u m  d o p a n t c o n c e n tr a t io n s  in  th e  s o lu t io n  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n  
d e p o s it e d  o n  ta n ta lu m  o x id e  th in  f i lm . T h e  r e s is t iv i ty  o f  th e  f i lm  d e c r e a s e d  w ith  
in c r e a s in g  A1 c o n te n t  u p  to  0 .8  at.% . T h e  r e s is t iv i ty  o f  0 .8  at.%  A1 c o n te n t  Z n O  f ilm s  
s h o w e d  th e  m in im u m  v a lu e  o f  9 . 6 x l 0 ’4 Q - c m  an d  th e re a fter  th e  r e s is t iv i ty  started  to  
in c r e a se  w it h  in c r e a s e d  d o p in g  s im ila r  to  th e  b e h a v io u r  s h o w n  fo r  Z n O :A l th in  f ilm s  
d e p o s it e d  o n  g la s s .
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F ig u r e  8 .5  R e s i s t iv i ty  o f  th e  Z n O :A l th in  f i lm s  a s  a  fu n c t io n  o f  a lu m in u m  d op an t  
c o n c e n tr a t io n  in  th e  s o lu t io n  d e p o s ite d  o n  ta n ta lu m  o x id e  th in  f i lm  a n n e a le d  at 5 0 0 °C
in  n itr o g e n .
F ig . 8 .6  s h o w s  th e  r e s is t iv i ty  o f  0 .8  at.%  A 1 d o p e d  Z n O  f i lm s  a s  a  fu n c t io n  o f  
a n n e a lin g  tem p e ra tu r e  in  n itr o g e n  d e p o s ite d  o n  ta n ta lu m  o x id e  th in  f ilm . S a m p le s  
w e r e  a n n e a le d  fo r  1 h o u r  at e a c h  tem p e ra tu r e . T h e  r e s is t iv i ty  d e c r e a s e d  s ig n if ic a n t ly  
w ith  a n n e a lin g  tem p e ra tu r e  u p  to  5 0 0 ° C  in  n itr o g e n  a n d  th e n  it  sta r ted  in c r e a s in g  
s im ila r  to  th e  b e h a v io u r  s h o w n  fo r  Z n O :A l th in  f i lm s  d e p o s it e d  o n  g la s s . T h e  
m in im u m  v a lu e  o f  r e s is t iv i ty  o f  9 . 6 x l 0 ' 4 Q - c m  w a s  o b ta in e d  a fter  a n n e a lin g  at 5 0 0 °C  
in  n itr o g e n  fo r  Z n O :A l f i lm s  d e p o s ite d  o n  to p  o f  ta n ta lu m  o x id e  f i lm s .
T h e  r e s is t iv i ty  c u r v e s  o f  Z n O :A l th in  f i lm s  d e p o s ite d  o n  t ita n iu m  d io x id e  and  
ta n ta lu m  o x id e  f i lm  s h o w  th e  sa m e  g e n e r a l b e h a v io u r  as w h e n  d e p o s ite d  o n  g la s s ,  
b u t h ig h e r  r e s is t iv ity .  O n e  p o s s ib le  r e a so n  m ig h t  b e  in te r d if fu s io n  b e t w e e n  in su la tin g  
an d  c o n d u c t in g  la y e r s . A lu m in u m  c o u ld  d if fu s e  in to  th e  in s u la t in g  la y e r  o r  tita n iu m  
or ta n ta lu m  c o u ld  d if fu s e  in to  th e  c o n d u c t in g  la y e r . In  o rd er  to  te s t  th is , tran sparen t  









ta n ta lu m  o x id e  f i lm s  an d  th e  c o n d u c t iv i ty  o f  th e  Z n O :A l f i lm s  w e r e  m e a su r e d  to  se e  
h o w  th e  c o n d u c ta n c e  c h a n g e s  w ith  f i lm  th ic k n e s s . F ig . 8 .7  s h o w s  th e  v a r ia tio n  o f  
c o n d u c ta n c e  o f  Z n O :A l f i lm  as a  fu n c t io n  o f  th ic k n e s s  d e p o s it e d  o n  g la s s  and  
d e p o s ite d  o n  t ita n iu m  d io x id e  an d  ta n ta lu m  o x id e  f i lm  o n  g la s s  a n n e a le d  at 5 0 0 °C  in  






A nnealing T em perature ( C)
F ig u r e  8 .6  R e s i s t iv i t y  o f  0 .8  at.%  A1 d o p e d  Z n O  th in  f i lm s  a s  a  fu n c t io n  o f  a n n e a lin g  
tem p e ra tu r e  in  n itr o g e n  d e p o s ite d  o n  ta n ta lu m  o x id e  th in  f ilm .
F ig . 8 .7  s h o w s  th a t th e  c o n d u c ta n c e  o f  Z n O :A l th in  f i lm s  d e p o s ite d  o n  g la s s  and  
ta n ta lu m  o x id e  in c r e a s e s  l in e a r ly  w it h  th e  in c r e a s e  o f  th ic k n e s s  s h o w in g  th a t th ere  is  
n o  in te r d if fu s io n  b e t w e e n  th e  c o n d u c t in g  an d  in su la t in g  la y e r s . B u t  th e  c o n d u c ta n c e  
o f  Z n O :A l th in  f i lm s  d e p o s it e d  o n  t ita n iu m  d io x id e  f i lm  o n  g la s s  is  v e r y  s m a ll  up  to  
th e  th ic k n e s s  o f  3 0 0  n m  an d  th e n  it  in c r e a s e s  w it h  a  s im ila r  s lo p e  to  th e  o th e rs . T h is  
m e a n s  th a t th e re  i s  a  a p p r o x im a te ly  3 0 0  n m  z o n e  w h o s e  c o n d u c t iv i ty  i s  a f fe c te d  b y  
th e  su b stra te , e .g . b y  o u td if fu s io n  o f  t ita n iu m  fr o m  th e  t ita n iu m  d io x id e  in su la tin g  
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F ig u r e  8 .7  C o n d u c ta n c e  o f  Z n O :A l th in  f i lm s  as a  fu n c t io n  o f  th ic k n e s s  d e p o s ite d  o n  
g la s s  an d  o n  t ita n iu m  d io x id e  an d  ta n ta lu m  o x id e  f i lm  o n  g la s s  a n n e a le d  at 5 0 0 °C  in
n itr o g en .
8.3 Characterization of Transparent Conductive ITO Thin Films Deposited on 
Titanium Dioxide Film and Tantalum Oxide Film by Sol-gel Process
8.3.1 Introduction
T ra n sp a ren t c o n d u c t iv e  in d iu m  t in  o x id e  th in  f i lm s  c a n  a lso  b e  u s e d  a s  tran sp aren t  
e le c tr o d e  o n  to p  o f  th e  in s u la t in g  la y e r  in  an  in v e r te d  th in  f i lm  e le c tr o lu m in e s c e n t  
d e v ic e .  In d iu m  t in  o x id e  th in  f i lm s  h a v e  b e e n  p rep a re d  o n  g la s s  su b stra te  b y  th e  so l-  
g e l  p r o c e s s  a n d  th e ir  e le c tr ic a l  r e s is t iv i ty  h a s  b e e n  m e a su r e d . T h e  r e s is t iv i ty  o f  10  
w t.%  S n  c o n te n t  IT O  f i lm s  s h o w e d  th e  m in im u m  v a lu e  o f  8 . 0 x l 0 ' 4 Q - c m  a n n e a le d  at 
5 0 0 ° C  in  n itr o g e n . N o w  IT O  th in  f i lm s  h a v e  b e e n  d e p o s it e d  o n  t ita n iu m  d io x id e  and  
ta n ta lu m  o x id e  c o a te d  su b stra te s  an d  th e  p e r fo r m a n c e  o f  th e  IT O  c o n d u c to r  o n  to p  o f  
th e s e  in s u la t in g  f i lm s  w a s  in v e s t ig a te d  fo r  th e ir  u s e  in  th in  f i lm  e le c tr o lu m in e s c e n t  
d e v ic e s .
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8.3.2 R esults and D iscussion
F ig . 8 .8  s h o w s  th e  r e s is t iv i ty  o f  IT O  th in  f i lm s  w ith  t in  d o p a n t c o n c e n tr a tio n s  in  th e  
s o lu t io n  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n  fo r  o n e  h o u r  d e p o s it e d  o n  t ita n iu m  d io x id e  
f i lm  o n  g la s s . It w a s  fo u n d  that th e  r e s is t iv i ty  o f  IT O  f i lm s  is  s tr o n g ly  d e p e n d e n t  o n  
th e  t in  d o p in g  c o n c e n tr a tio n . T h e  r e s is t iv i ty  o f  th e  f i lm  d e c r e a s e d  w ith  in c r e a s in g  S n  
c o n te n t  u p  to  1 0  w t. % . T h e  r e s is t iv i ty  o f  1 0  w t. %  S n  c o n te n t  IT O  f i lm s  sh o w e d  a  
m in im u m  v a lu e  o f  a p p r o x im a te ly  9 .5 x 1  O'4 Q - c m  a n d  th e  r e s is t iv i ty  in c r e a se d  for  






S n  D opan t C oncentration  (w t.% )
F ig u r e  8 .8  R e s i s t iv i t y  o f  th e  IT O  th in  f i lm s  as a fu n c t io n  o f  t in  d o p a n t c o n c e n tr a tio n  
in  th e  s o lu t io n  d e p o s ite d  o n  t ita n iu m  d io x id e  th in  f i lm  a n n e a le d  in  n itr o g en .
F ig . 8 .9  s h o w s  th e  v a r ia t io n  o f  r e s is t iv i ty  o f  f i lm s  w ith  1 0  w t. % S n  d o p in g  a s a 
fu n c t io n  o f  a n n e a lin g  te m p e r a tu r e  in  n itr o g e n  d e p o s ite d  o n  t ita n iu m  d io x id e  th in  f ilm  
o n  g la s s . S a m p le s  w e r e  a n n e a le d  fo r  1 h o u r  at e a c h  tem p e ra tu r e . U p  to  5 0 0 °C  th ere  
w a s  a  la r g e  r e d u c t io n  in  r e s is t iv i ty  an d  a fter  that it sta r ted  to  in c r e a se . T h e  r e s is t iv ity  
o f  th e  f i lm s  w a s  m e a su r e d  b y  d e p o s it in g  th e m  o n  to p  o f  a  t ita n iu m  d io x id e  la y e r  b y  a  
s o l - g e l  p r o c e s s .  T h is  c o m b in a t io n  o f  an  IT O  tra n sp a ren t c o n d u c to r  an d  a  h ig h
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p e r m it t iv ity  T 1O 2  in su la to r  is  an  im p o r ta n t c o n s t itu e n t  o f  a  th in  f ilm  
e le c tr o lu m in e s c e n t  d isp la y . T h e  m in im u m  v a lu e  o f  r e s is t iv i ty  o f  9 .5 x 1  O'4 Q -c m  w a s  




A nnealing T em perature ( C)
F ig u r e  8 .9  R e s i s t iv i ty  o f  th e  IT O  th in  f i lm s  a s a fu n c t io n  o f  a n n e a lin g  tem p e ra tu r e  in  
n itr o g e n  d e p o s it e d  o n  t ita n iu m  d io x id e  th in  f ilm .
F ig . 8 .1 0  s h o w s  th e  r e s is t iv i ty  o f  IT O  th in  f i lm s  w ith  t in  d o p a n t c o n c e n tr a tio n s  in  th e  
s o lu t io n  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n  fo r  o n e  h o u r  d e p o s it e d  o n  ta n ta lu m  o x id e  f ilm  
o n  g la s s . It w a s  fo u n d  th a t th e  r e s is t iv i ty  o f  IT O  f i lm s  i s  s tr o n g ly  d e p e n d e n t  o n  th e  
t in  d o p in g  c o n c e n tr a tio n . T h e  r e s is t iv i ty  o f  th e  f i lm  d e c r e a s e d  w ith  in c r e a s in g  S n  
c o n te n t  u p  to  1 0  w t. % . T h e  r e s is t iv i ty  o f  1 0  w t. %  S n  c o n te n t  IT O  f i lm s  s h o w e d  a  
m in im u m  v a lu e  o f  a p p r o x im a te ly  9 .0 x 1  O'4 Q - c m  an d  th e  r e s is t iv i ty  in c r e a se d  fo r  






S n  D opan t C oncentration  (w t.% )
F ig u r e  8 .1 0  R e s i s t iv i t y  o f  th e  IT O  th in  f i lm s  as a  fu n c t io n  o f  t in  d o p a n t c o n c e n tr a tio n  
in  th e  s o lu t io n  d e p o s it e d  o n  ta n ta lu m  o x id e  th in  f i lm  a n n e a le d  in  n itr o g en .
F ig . 8 .1 1  s h o w s  th e  v a r ia t io n  o f  r e s is t iv i ty  o f  f i lm s  w it h  1 0  w t. % S n  d o p in g  as a  
fu n c t io n  o f  a n n e a lin g  te m p e ra tu r e  in  n itr o g e n  d e p o s ite d  o n  ta n ta lu m  o x id e  th in  f ilm  
o n  g la s s . S a m p le s  w e r e  a n n e a le d  fo r  1 h o u r  at e a c h  tem p e ra tu r e . U p  to  5 0 0 °C  th ere  
w a s  a  la r g e  r e d u c t io n  in  r e s is t iv i ty  a n d  a fter  th a t it  sta r ted  to  in c r e a se . T h e  r e s is t iv ity  
o f  th e  f i lm s  w a s  m e a s u r e d  b y  d e p o s it in g  th e m  o n  to p  o f  a  ta n ta lu m  o x id e  la y e r  b y  a  
s o l- g e l  p r o c e s s .  T h e  m in im u m  v a lu e  o f  r e s is t iv i ty  o f  9 .0 x 1  O'4 Q - c m  w a s  o b ta in ed  
a fter  a n n e a lin g  at 5 0 0 ° C  in  n itr o g e n  .
In  th is  c a s e  a ls o ,  th e  r e s is t iv i ty  c u r v e s  o f  IT O  th in  f i lm s  d e p o s it e d  o n  t ita n iu m  
d io x id e  an d  ta n ta lu m  o x id e  f ilm  s h o w  th e  sa m e  g e n e r a l b e h a v io u r  a s  d e p o s ite d  o n  
g la s s ,  b u t h ig h e r  r e s is t iv i ty .  O n e  p o s s ib le  r e a so n  fo r  th is  h ig h e r  r e s is t iv i ty  m ig h t  b e  
in te r d if fu s io n  b e t w e e n  in su la to r  an d  c o n d u c to r . In d iu m  o r  t in  c o u ld  d if fu s e  in to  th e  
in s u la t in g  la y e r  o r  t ita n iu m  o r  ta n ta lu m  c o u ld  d if fu s e  in to  th e  c o n d u c tin g  la y er . In  
o rd er  to  c h e c k  th is  in te r d if fu s io n , tran sp aren t c o n d u c t in g  IT O  f i lm s  o f  v a r io u s  
th ic k n e s s  w e r e  d e p o s it e d  o n  to p  o f  t ita n iu m  d io x id e  an d  ta n ta lu m  o x id e  f i lm s  an d  th e  
c o n d u c t iv i ty  o f  th e  IT O  f i lm s  w e r e  m e a su r e d  to  s e e  h o w  th e  c o n d u c ta n c e  c h a n g e s
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w it h  f i lm  th ic k n e s s . F ig . 8 .1 2  s h o w s  th e  v a r ia tio n  o f  c o n d u c ta n c e  o f  IT O  film  as a 
fu n c t io n  o f  th ic k n e s s  d e p o s ite d  o n  g la s s  an d  d e p o s ite d  o n  t ita n iu m  d io x id e  and  
ta n ta lu m  o x id e  f i lm  o n  g la s s  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n . T h is  f ig u r e  s h o w s  that 
th e  c o n d u c ta n c e  o f  IT O  th in  f i lm s  in c r e a s e s  l in e a r ly  w ith  th e  in c r e a s e  o f  th ic k n e s s  in  
a ll th e  c a s e s .  B u t  th e  IT O  th in  f i lm s  d e p o s ite d  o n  t ita n iu m  d io x id e  an d  ta n ta lu m  
o x id e  f i lm  o n  g la s s  s h o w  lo w e r  c o n d u c ta n c e  th a n  th a t w h e n  d e p o s it e d  o n  g la ss . T h is  
s h o w s  th a t d e p o s it in g  th e  IT O  o n  to  T i0 2  an d  T a 2 0 5  h a s  a  s m a ll  b u t s ig n if ic a n t  e f fe c t  
o n  th e  c o n d u c ta n c e , p r o b a b ly  d u e  to  s o m e  in te r d if fu s io n . I f  th e  c o n d u c ta n c e  l in e  for  
IT O  f i lm  d e p o s it e d  o n  to p  o f  t ita n iu m  d io x id e  i s  ex tr a p o la te d , w e  s e e  th a t it in te r se c ts  
th e  x - a x is  a p p r o x im a te ly  at 4 0  n m . F r o m  th is , w e  c a n  c o n c lu d e  that th e r e  is  an  a ffe c t  
o f  in te r d if fu s io n  b e t w e e n  th e  in te r fa c e  u p  to  th e  th ic k n e s s  o f  4 0  n m  o f  IT O  f ilm  o n  
to p  o f  t ita n iu m  d io x id e  an d  a fter  th a t th e re  is  n o  a f fe c t  o f  in te r d if fu s io n  b e tw e e n  th e  
c o n d u c t in g  a n d  in s u la t in g  la y e r s .
A nnealing Tem perature (°C )
F ig u r e  8 .1 1  R e s i s t iv i t y  o f  th e  IT O  th in  f i lm s  as a  fu n c t io n  o f  a n n e a lin g  tem p era tu re  
in  n itr o g e n  d e p o s ite d  o n  ta n ta lu m  o x id e  th in  f ilm .
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T h ick n ess (nm )
F ig u r e  8 .1 2  C o n d u c ta n c e  o f  IT O  th in  f i lm s  a s  a fu n c t io n  o f  th ic k n e s s  d e p o s ite d  o n  
g la s s  a n d  d e p o s ite d  o n  t ita n iu m  d io x id e  an d  ta n ta lu m  o x id e  f i lm  o n  g la s s  a n n e a le d  at
5 0 0 ° C  in  n itr o g en .
8.4 Conclusions
T h e  r e s is t iv i ty  o f  Z n O :A l th in  f i lm s  c o n ta in in g  0 .8  at.%  A1 d e p o s it e d  o n  g la s s  h a s  a 
m in im u m  v a lu e  o f  1 .3 x 1 0 ‘4 Q -c m  w h e n  a n n e a le d  at 5 0 0 ° C  in  n itr o g en . T h e  
r e s is t iv i ty  o f  Z n O :A l th in  f i lm s  d e p o s ite d  o n  t ita n iu m  d io x id e  an d  ta n ta lu m  o x id e  
f ilm  o n  g la s s  h a v e  a  m in im u m  v a lu e  o f  2 .5 x 1  O'3 Q - c m  an d  9 .6 x 1  O'4 Q -c m  
r e s p e c t iv e ly  a n n e a le d  at 5 0 0 °C . S o  Z n O :A l th in  f i lm s  d e p o s it e d  o n  ta n ta lu m  o x id e  
f i lm  o n  g la s s  h a v e  lo w e r  r e s is t iv i ty  a s  th a t o n  g la s s  b u t  Z n O :A l th in  f i lm s  d e p o s ite d  
o n  t ita n iu m  d io x id e  f i lm  o n  g la s s  h a v e  a  h ig h e r  r e s is t iv i ty  th a n  th a t o f  d e p o s ite d  o n  
g la s s . T h is  in c r e a s e  in  r e s is t iv i ty  o n  t ita n iu m  d io x id e  f i lm  i s  d u e  to  th e  d if fu s io n  o f  
t ita n iu m  in to  th e  z in c  o x id e  la y e r . T h e  g rap h  o f  c o n d u c ta n c e  v e r s u s  th ic k n e s s  ( f ig .  
8 .7 )  s h o w s  th a t t ita n iu m  is  d if f u s e d  u p  to  th e  th ic k n e s s  o f  3 0 0  n m  o f  Z n O :A l la y er  
w h e r e  th e r e  is  n o  a f fe c t  o f  t ita n iu m  in to  th e  Z n O :A l la y e r  a fte r  3 0 0  n m . S o  it  is  c lea r  
th a t th is  c o m b in a t io n  o f  tran sp aren t c o n d u c t iv e  Z n O :A l an d  t ita n iu m  d io x id e
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in s u la t in g  la y e r  is  n o t  su ita b le  fo r  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s  w h e r e a s  
Z n O :A l o n  to p  o f  T a 2O s c a n  b e  u s e d  fo r  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s .
In d iu m  t in  o x id e  th in  f i lm s  w e r e  d e p o s it e d  o n  t ita n iu m  d io x id e  a n d  ta n ta lu m  o x id e  
f i lm  o n  g la s s  fo r  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s .  T h e  r e s is t iv i ty  o f  IT O  th in  
f i lm s  c o n ta in in g  1 0  w t.%  S n  d e p o s it e d  o n  g la s s  h a s  a  m in im u m  v a lu e  o f  8 .0 x 1  O'4 Q -  
c m  a n n e a le d  at 5 0 0 °C . T h e  r e s is t iv i ty  o f  IT O  f i lm s  d e p o s ite d  o n  t ita n iu m  d io x id e  and  
ta n ta lu m  o x id e  f i lm  h a s  a  m in im u m  v a lu e  o f  9 . 5 x l 0 ' 4 Q - c m  an d  9 . 0 x l 0 ' 4 Q -c m  
r e s p e c t iv e ly  a n n e a le d  at 5 0 0 ° C  w h ic h  are h ig h e r  th a n  th a t d e p o s it e d  o n  g la ss .  
C o n d u c ta n c e  v e r s u s  th ic k n e s s  g ra p h  ( f ig .  8 .1 2 )  fo r  IT O  th in  f i lm s  s h o w s  that th e re  is  
a v e r y  s m a ll  d if fu s io n  o f  t ita n iu m  a n d  ta n ta lu m  in to  th e  in d iu m  o x id e  la y er . T h er e  is  
an  a f fe c te d  z o n e  o f  u p  to  a p p r o x im a te ly  4 0  n m  w h e n  IT O  is  d e p o s it e d  o n  T i 0 2 or  
T a 2O s d u e  to  o u t  d if fu s io n  o f  T i o r  T a  in to  th e  IT O  f ilm . T h e r e fo r e , th is  c o m b in a tio n  
o f  tra n sp a ren t c o n d u c t iv e  IT O  th in  f i lm s  a n d  t ita n iu m  d io x id e  o r  ta n ta lu m  o x id e  




T h is  c h a p te r  d e s c r ib e s  th e  c o n c lu s io n s  that c a n  b e  d ra w n  fro m  d iffe r e n t  e x p er im en ta l  
m e a su r e m e n ts  an d  in v e s t ig a t io n s  ca r r ied  o u t  fo r  th e  h ig h  p e r m it t iv ity  in su la to rs ,  
tra n sp a ren t c o n d u c to r s  an d  th e  c o m b in a t io n  o f  tran sp aren t c o n d u c tin g  f ilm s  
d e p o s it e d  o n  to p  o f  in su la t in g  f i lm s  b y  th e  s o l - g e l  p r o c e s s .  R e c o m m e n d a t io n s  for  
fu tu re  w o r k  th a t c a n  b e  carr ied  o u t  are a lso  d e s c r ib e d  in  th is  ch a p ter .
9.1 Conclusions of the Work
T h e  h ig h  p e r m it t iv ity  in su la to r s  an d  tran sp aren t c o n d u c to r s  h a v e  b e e n  p rep a red  b y  
th e  s o l - g e l  p r o c e s s  an d  th e ir  e le c tr ic a l ,  o p tic a l  a n d  stru ctural p r o p e r t ie s  are d esc r ib e d  
in  th is  w o r k . T h e  re su lts  d e s c r ib e d  in  th is  th e s is  h a v e  s h o w n  th a t th e  s o l- g e l  
te c h n iq u e  i s  s u ita b le  fo r  p r o d u c in g  in s u la t in g  an d  tra n sp a ren t c o n d u c t in g  la y e r s  fo r  
fa b r ic a t in g  an  e le c tr o lu m in e s c e n t  d isp la y . T h in  f i lm s  p rep a re d  b y  th is  s o l - g e l  p r o c e s s  
are v e r y  u n ifo r m  an d  c h e a p e r  c o m p a r e d  to  o th e r  c o n v e n t io n a l th in  f i lm  d e p o s it io n  
p r o c e s s .
I n su la t in g  f i lm s  o f  t ita n iu m  d io x id e  an d  ta n ta lu m  o x id e  h a v e  b e e n  p rep a re d  b y  th e  
s o l - g e l  p r o c e s s  an d  th e ir  stru ctu ra l, e le c tr ic a l an d  o p tic a l  p r o p e r t ie s  h a v e  b e e n  
in v e s t ig a te d  a fter  a n n e a lin g  at d iffe r e n t  tem p e ra tu r es  in  th e  p r e s e n c e  o f  air, o x y g e n  
an d  n itr o g e n .
T h e  e le c tr ic a l  p r o p e r t ie s  o f  th e  a s -d e p o s ite d  an d  a n n e a le d  T i 0 2 th in  f i lm s  w e r e  
c h a r a c te r ise d  b y  C -V  an d  I -V  m e a su r e m e n ts . T h e  I -V  m e a su r e m e n t  s h o w s  that th e  
le a k a g e  cu rren t d e n s ity  o f  th e  f i lm s  d e c r e a s e s  u p o n  a n n e a lin g  at h ig h e r  tem p era tu res  
w h e r e  th is  r e d u c t io n  in  le a k a g e  cu rren t d e n s ity  is  d u e  to  th e  r e d u c t io n  o f  th e  
c o n c e n tr a t io n  o f  im p u r it ie s  s u c h  as ca r b o n  an d  th e  r e d u c t io n  o f  o x y g e n  v a c a n c ie s  in  
T i 0 2 f i lm s . T h e  le a k a g e  cu rren t fo r  th e  a s -d e p o s ite d  f i lm  is  a p p r o x im a te ly  5 .0 x l 0 ' 5 
A /c m 2 at 1 M V /c m  an d  it  d e c r e a s e s  to  6 .0 x l0 ~ 6 A /c m 2 u p o n  a n n e a lin g  at 7 0 0 °C  in
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d iffe r e n t  a tm o sp h e r e . T h e  le a k a g e  cu rren t d e n s it ie s  fo r  th e  7 0 0 ° C  a n n e a le d  f i lm s  are 
6 .6 x l0 " 6 A /c m 2, 6 .0 x l0 " 6 A /c m 2 an d  6 .8 x l0 " 6 A /c m 2 a n n e a le d  in  th e  p r e s e n c e  o f  air, 
o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .  E le c tr ic  b r e a k d o w n  w a s  o b s e r v e d  at a  f ie ld  
stre n g th  o f  2 .7  M V /c m . T h e  d ie le c tr ic  c o n s ta n t  o f  th e  T iC >2 f i lm  w a s  c a lc u la te d  fro m  
th e  m a x im u m  c a p a c ita n c e  o f  th e  A l/T iC V S i  stru ctu re u n d er  th e  a c c u m u la tio n  
c o n d it io n  an d  it  w a s  fo u n d  to  b e  a p p r o x im a te ly  2 6  fo r  th e  a s -d e p o s ite d  f ilm . T h e  
d ie le c tr ic  c o n s ta n t  o f  th e  f i lm s  in c r e a se d  u p o n  a n n e a lin g  at h ig h e r  tem p e ra tu r e  an d  it  
v a r ie s  fr o m  7 5  to  8 2  u p o n  a n n e a lin g  at 7 0 0 ° C  in  d iffe r e n t  a tm o sp h e r e , w h ic h  is  
h ig h e r  th a n  t h o s e  p rep a re d  b y  o th e r  m e th o d s .
C u r r e n t-v o lta g e  ( I -V )  an d  d ie le c tr ic  c h a r a c te r is t ic s  o f  T a 2 0 s  f i lm s  e x h ib ite d  a  stro n g  
a n n e a lin g  te m p e r a tu r e  d e p e n d e n c y . T h e  le a k a g e  cu rren t d e n s ity  fo r  th e  a s -d e p o s ite d  
f i lm  w a s  1 .0 x 1  O'5 A /c m 2, w h e r e a s  a  le a k a g e  cu rren t d e n s ity  a s  lo w  a s  8 .0 x 1  O'7 A /c m 2 
at a n  e le c tr ic  f ie ld  o f  1 M V /c m  c a n  b e  a c h ie v e d  a n n e a lin g  at 7 0 0 ° C  in  th e  p r e s e n c e  o f  
o x y g e n .  T h e  le a k a g e  cu rren t d e n s it ie s  fo r  a n n e a le d  ta n ta lu m  o x id e  f i lm s  for  an  
a p p lie d  f ie ld  o f  1 M V /c m  are 1 .5 x l 0 ' 6 A /c m 2, 8 .0 x l 0 ' 7 A /c m 2 an d  1 . 2 x l 0 ' 6 A /c m 2 for  
th e  f i lm s  a n n e a le d  at 7 0 0 ° C  in  air, o x y g e n  an d  n itr o g e n  r e s p e c t iv e ly .  T h e  e le c tr ic  
b r e a k d o w n  v o lt a g e  w a s  o b s e r v e d  at 3 .5  M V /c m . T h e  d ie le c tr ic  c o n s ta n t  o f  th e  as-  
d e p o s it e d  T a 2 C>5 f i lm  i s  e s t im a te d  to  b e  a b o u t 2 0  an d  v a r ie s  fr o m  3 7  to  5 0  d e p e n d in g  
o n  a n n e a lin g  te m p e ra tu r e  in  d iffe r e n t  a tm o sp h e r e s .
T ra n sp a ren t c o n d u c t iv e  a lu m in u m -d o p e d  z in c  o x id e  an d  in d iu m  t in  o x id e  th in  f ilm s  
h a v e  b e e n  p rep a re d  b y  a  s o l - g e l  p r o c e s s .  A l l  th e  f i lm s  are a n n e a le d  at d iffe r e n t  
tem p e ra tu r es  in  th e  p r e s e n c e  o f  air, o x y g e n  an d  n itr o g e n  an d  th e ir  structural, 
e le c tr ic a l  an d  o p t ic a l  p r o p e r t ie s  h a v e  b e e n  in v e s t ig a te d .
T h e  r e s is t iv i ty  o f  th e  Z n O :A l f i lm s  c o n ta in in g  0 .8  at.%  A1 h a s  a m in im u m  v a lu e  o f  
1 .5 x 1 0 '4 Q -c m , 1 .8 x 1  O'4 Q -c m  an d  1 .3 x 1  O'4 Q - c m  w h e n  a n n e a le d  at 5 0 0 °C  in  air, 
o x y g e n  a n d  n itr o g e n  r e s p e c t iv e ly .  T h e s e  r e s is t iv i t ie s  o f  Z n O :A l f i lm s  p rep ared  b y  
th is  s o l - g e l  p r o c e s s  are  lo w e r  th a n  th o s e  p rep a re d  b y  o th e r  c o n v e n t io n a l  m e th o d s  as  
s h o w n  in  ta b le  7 .1 .  T h e  f i lm s  h a v e  an  o p tic a l tra n sp a r e n c y  u p  to  8 8 %  at 9 0 0  n m  for a  
th ic k n e s s  o f  3 0 0  n m . A n n e a le d  f i lm s  are p o ly c r y s ta l l in e  w ith  a  h e x a g o n a l  structure.
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T h e  c r y s ta ll in ity  o f  Z n O :A l f i lm s  is  im p r o v e d  w ith  th e  in c r e a s e  o f  a n n e a lin g  
tem p era tu re .
T h e  r e s is t iv i ty  o f  th e  IT O  f i lm s  c o n ta in in g  1 0  w t.%  S n  h a s  a  m in im u m  v a lu e  o f  
8 .5 x l 0 ' 4 Q -c m , 9 .8 x 1 0 ^  Q -c m  an d  8 . 0 x l 0 ‘4 Q - c m  w h e n  a n n e a le d  at 5 0 0 ° C  in  air, 
o x y g e n  an d  n itr o g e n , r e s p e c t iv e ly .  T h e  r e s is t iv i ty  o f  th e s e  IT O  th in  f i lm s  p rep ared  b y  
th is  s o l - g e l  p r o c e s s  is  a lso  lo w e r  th an  th o s e  p rep a re d  b y  o th e r  p r o c e s s e s  as s h o w n  in  
ta b le  7 .2 . T h e  f i lm s  h a v e  an  o p tic a l  tr a n sp a r e n c y  up  to  89 %  at 9 0 0  n m . T h e  f i lm s  are 
p o ly c r y s ta l l in e  in d iu m  o x id e  w ith  a  c u b ic  b ix b y ite  stru ctu re  w ith  n o  p referred  
o r ie n ta tio n .
A lu m in u m  d o p e d  z in c  o x id e  th in  f i lm s  h a v e  b e e n  d e p o s ite d  o n  t ita n iu m  d io x id e  and  
ta n ta lu m  o x id e  f i lm s  o n  g la s s  b y  a  s o l - g e l  p r o c e s s .  T h e  r e s is t iv i ty  o f  Z n O :A l th in  
f i lm s  c o n ta in in g  0 .8  at.%  A1 d e p o s ite d  o n  g la s s  h a s  a m in im u m  v a lu e  o f  1 .3 x 1  O'4 Q -  
c m  w h e n  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n . T h e  r e s is t iv i ty  o f  Z n O :A l th in  f ilm s  
d e p o s it e d  o n  t ita n iu m  d io x id e  a n d  ta n ta lu m  o x id e  f i lm  o n  g la s s  h a s  a  m in im u m  v a lu e  
o f  2 . 5 x l 0 ’3 Q - c m  an d  9 . 6 x l 0 ' 4 Q -c m , r e s p e c t iv e ly ,  w h e n  a n n e a le d  at 5 0 0 °C  in  
n itr o g e n . T h e  Z n O :A l th in  f i lm s  d e p o s ite d  o n  a  ta n ta lu m  o x id e  f i lm  o n  g la s s  h a v e  
lo w e r  r e s is t iv i ty  a s th a t o n  g la s s  b u t Z n O :A l th in  f i lm s  d e p o s ite d  o n  t ita n iu m  d io x id e  
f i lm  o n  g la s s  h a v e  a  h ig h e r  r e s is t iv i ty  th a n  t h o s e  d e p o s ite d  o n  g la s s . T h is  in c r e a se  in  
r e s is t iv i ty  o n  t ita n iu m  d io x id e  f i lm  is  d u e  to  th e  d if fu s io n  o f  t ita n iu m  in to  th e  z in c  
o x id e  la y er . T h e  e f f e c t iv e  r e g io n  o f  th e  Z n O :A l f i lm  d e c r e a s e s  d u e  to  th e  d if fu s io n  o f  
t ita n iu m  in to  th e  z in c  o x id e  la y e r  an d  su b s e q u e n t ly  in c r e a s e s  th e  r e s is t iv i ty  o f  
Z n O :A l f ilm . T h e  c o n d u c ta n c e  v e r s u s  th ic k n e s s  c u r v e  fo r  Z n O :A l f i lm s  d e p o s ite d  o n  
t ita n iu m  d io x id e  f i lm  s h o w n  in  ch a p te r  8 s h o w s  th a t th e re  i s  an  a p p r o x im a te ly  3 0 0  
n m  z o n e  w h o s e  c o n d u c t iv i ty  is  a f fe c te d  b y  th e  su b stra te , e .g . b y  o u td if fu s io n  o f  
t ita n iu m  fr o m  th e  t ita n iu m  d io x id e  in su la t in g  la y e r  an d  th e re  i s  n o  e f f e c t  o f  th e  
t ita n iu m  a fter  3 0 0  n m  th ic k n e s s  o f  Z n O :A l.
Indium  tin  oxide th in  film s were deposited on titan ium  dioxide and tantalum oxide
film  on glass fo r th in  film  electrolum inescent devices. The re s is tiv ity  o f ITO  th in
f i lms containing 10 w t.%  Sn deposited on glass has a m in im um  value o f 8 .0 x l0 '4 Q-
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c m  a n n e a le d  at 5 0 0 ° C  in  n itr o g en . T h e  r e s is t iv i ty  o f  IT O  f i lm s  d e p o s ite d  o n  tita n iu m  
d io x id e  an d  ta n ta lu m  o x id e  f i lm  h a s  a  m in im u m  v a lu e  o f  9 . 5 x l 0 ' 4 Q - c m  an d  9 .0 x l 0 ' 4 
Q -c m , r e s p e c t iv e ly ,  w h e n  a n n e a le d  at 5 0 0 ° C  in  n itr o g e n  w h ic h  are v e r y  lo w  as 
d e p o s it e d  o n  g la s s . T h is  c o m b in a t io n  o f  tra n sp a ren t c o n d u c t iv e  IT O  th in  f i lm s  and  
t ita n iu m  d io x id e  o r  ta n ta lu m  o x id e  in s u la t in g  la y e r  c a n  b e  u s e d  fo r  th in  f ilm  
e le c tr o lu m in e s c e n t  d e v ic e s .
F r o m  a ll th e  e x p e r im e n ta l r e su lts , w e  s e e  th a t th e  b o n d in g  s tru ctu res , c r y s ta llin ity  
an d  o p tic a l  tr a n s m is s io n  o f  th e  f i lm s  d o  n o t  d e p e n d  o n  th e  a n n e a lin g  a tm o sp h ere . 
T h e y  o n ly  c h a n g e  w ith  th e  a n n e a lin g  tem p e ra tu r es . T h e  r e s is t iv i ty  o f  th e  tran sp aren t 
c o n d u c t iv e  f i lm s  d e p e n d s  o n  b o th  th e  a tm o sp h e r e s  an d  a n n e a lin g  te m p e ra tu r es . W e  
fo u n d  th e  m in im u m  v a lu e  o f  r e s is t iv i t ie s  fo r  th e  tran sp aren t c o n d u c t iv e  f i lm s  o cc u r s  
fo r  an  a n n e a l at 5 0 0 ° C  in  th e  p r e s e n c e  o f  n itr o g e n . F r o m  th e  c o m b in e d  ch a r a c te r is tic s  
o f  th e  tra n sp a ren t c o n d u c t iv e  f i lm s  d e p o s ite d  o n  in s u la t in g  f i lm s , w e  c a n  s e e  that th e  
IT O  f i lm s  d e p o s it e d  o n  ta n ta lu m  o x id e  f i lm  h a v e  th e  lo w e s t  r e s is t iv i ty  w h e n  
a n n e a le d  at 5 0 0 ° C  in  n itr o g en . T h u s  w e  c a n  c o n c lu d e  th a t th e  c o m b in a t io n  o f  
tra n sp a ren t c o n d u c t iv e  IT O  f i lm s  d e p o s it e d  o n  ta n ta lu m  o x id e  f i lm  is  th e  b e st  
c o m b in a t io n  fo r  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s .
9.2 Future Work
T h in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s  c o n s is t  o f  a n  in s u la t in g  la y e r , a  tran sparen t  
c o n d u c t in g  la y e r  a n d  a  p h o sp h o r  la y e r . T h e  p h o sp h o r  la y e r  i s  s a n d w ic h e d  b e tw e e n  
tw o  in s u la t in g  la y e r s . In  c o n v e n t io n a l th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s ,  th ere  is  a 
tran sp aren t e le c tr o d e  o n  to p  o f  th e  su b stra te  a n d  a  m e ta l e le c tr o d e  o n  to p  o f  th e  u p p er  
in su la to r . In  th e  in v e r te d  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s ,  th e  m e ta l e le c tr o d e  is  
o n  to p  o f  th e  su b stra te  an d  th e  tra n sp a ren t e le c tr o d e  i s  o n  to p  o f  th e  u p p e r  in su la tor . 
T h e  p rep a ra tio n  an d  stru ctu ra l, e le c tr ic a l  an d  o p tic a l  p r o p e r t ie s  o f  in s u la t in g  and  
tra n sp a ren t c o n d u c t in g  la y e rs  an d  th e ir  c o m b in e d  c h a r a c te r is t ic s  h a v e  b e e n  s tu d ie d  in  
th is  th e s is .  In  a  c o n v e n t io n a l th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e ,  th e  b o tto m  
in su la to r  i s  d e p o s it e d  o n  to p  o f  th e  tran sp aren t e le c tr o d e . S o  th e  c o m b in e d  
c h a r a c te r is t ic s  o f  in s u la t in g  f i lm s  d e p o s ite d  o n  to p  o f  th e  tran sp aren t c o n d u c t in g  f ilm  
c a n  a lso  b e  s tu d ie d . T h e  p rep a ra tio n  an d  p r o p e r t ie s  o f  th e  p h o s p h o r  la y e r  c a n  b e
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stu d ie d  a s  a n  e x t e n s io n  o f  th is  w o r k . T h e n  a ll t h e s e  la y e r s  c a n  b e  d e p o s ite d  o n  to p  o f  
e a c h  o th e r  a s  s h o w n  in  f ig . 8 . 1  an d  f ig . 8 . 2  a n d  th e  o v e r a ll  p e r fo r m a n c e  o f  th in  f ilm  
e le c tr o lu m in e s c e n t  d e v ic e s  c a n  b e  stu d ie d .
T ran sp aren t c o n d u c t in g  a lu m in u m -d o p e d  z in c  o x id e  w a s  d e p o s ite d  o n  to p  o f  
t ita n iu m  d io x id e  f i lm  an d  w e  tr ied  to  g e t  E L  e m is s io n  u s in g  m a n g a n e s e  d o p e d  z in c  
s u lf id e  p h o sp h o r  la y e r . L ig h t  e m is s io n  w a s  o b ta in e d  b u t it  w a s  n o t  s ta b le . T h er e  m a y  
b e  s o m e  in te r d if fu s io n  b e t w e e n  th e  t ita n iu m  d io x id e  an d  a lu m in u m -d o p e d  z in c  o x id e  
la y er . A  v e r y  th in  la y e r  o f  s i l ic o n  d io x id e  m a y  b e  u s e d  o n  to p  o f  t ita n iu m  d io x id e  
f i lm  o r  a n y  o th e r  in s u la t in g  f i lm  c a n  b e  u s e d  in s te a d  o f  t ita n iu m  d io x id e  f i lm  to  m a k e  
th is  E L  e m is s io n  sta b le .
I m p r o v e m e n t  a n d  a lte r n a tiv e  u s e  o f  in s u la t in g  an d  tra n sp a ren t c o n d u c t in g  la y e rs  
c o u ld  im p r o v e  th e  p e r fo r m a n c e  o f  th in  f i lm  e le c tr o lu m in e s c e n t  d e v ic e s .  T o  a v o id  a n y  
in te r d if fu s io n  b e t w e e n  th e  in su la t in g  an d  tra n sp a ren t c o n d u c t in g  la y e r s , a  v e r y  th in  
la y e r  o f  in s u la t in g  s i l ic o n  d io x id e  (S iC ^ ) c a n  b e  d e p o s it e d  o n  to p  o f  t ita n iu m  d io x id e  
an d  ta n ta lu m  o x id e  f i lm s .
A  l is t  o f  d if fe r e n t  in s u la t in g  m a te r ia ls  w ith  th e ir  p r o p e r t ie s  is  s h o w n  in  ta b le  2 .1 .  
A m o n g  th e s e  in s u la t in g  m a te r ia ls , th e  p rep a ra tio n  an d  p r o p e r t ie s  o f  TiC >2 an d  T a 2 0 5 
th in  f i lm s  h a v e  b e e n  s tu d ie d  in  th is  w o r k . T h e r e  are o th e r  in s u la t in g  m a te r ia ls  w ith  
h ig h  d ie le c tr ic  c o n s ta n ts , s u c h  a s, Y 2 O 3 , BaTiC>3 , P b T iC h , SrTiC >3 a n d  S r (Z r ,T i)0 3 . 
T h e s e  m a te r ia ls  c o u ld  a lso  b e  p rep a re d  b y  th e  s o l - g e l  p r o c e s s  a n d  th e ir  p ro p er tie s  
c o u ld  b e  s tu d ie d  fo r  u s e  as in su la t in g  la y e r s  in  th in  f i lm  e le c tr o lu m u n e s c e n t  d e v ic e s .  
G e n e r a lly , d ie le c tr ic  th in  f i lm s  w ith  h ig h  d ie le c tr ic  c o n s ta n ts  h a v e  p ro p a g a tin g  
b r e a k d o w n  m o d e . C o u p le d  w ith  o th er  d ie le c tr ic  th in  f i lm s ,  in s u la t in g  la y e r s  w ith  th e  
p r o p a g a tin g  b r e a k d o w n  m o d e  c a n  b e  c o n v e r te d  in to  th e  s e lf - h e a l in g  ty p e .
A m o n g  th e  v a r io u s  tra n sp a ren t c o n d u c t in g  m a te r ia ls , Z n O :A l an d  IT O  h a v e  b e e n  
s tu d ie d  in  th is  w o r k . In  o r  G a  d o p e d  Z n O  f ilm s  o r  C d S n C >3 f i lm s  c o u ld  a lso  b e  
s tu d ie d  fo r  u s e  a s  tra n sp a ren t c o n d u c tin g  la y e r s  in  th in  f i lm  e le c tr o lu m in e s c e n t  
d e v ic e s .
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It m a y  n o t b e  p o s s ib le  to  p rep are a ll o f  th e  la y e r s  o f  th is  d e v ic e  b y  th e  s o l - g e l  p r o c e s s  
to  p r o d u c e  a g o o d  th in  f ilm  e le c tr o lu m in e s c e n t  d e v ic e .  A  c o m b in a t io n  o f  d iffe r e n t  
d e p o s it io n  t e c h n o lo g ie s  ca n  b e  u se d  to  p rep a re  th e  d iffe r e n t  la y e r s , w h ic h  m a y  
p r o d u c e  a b ette r  th in  f ilm  e le c tr o lu m u n e s c e n t  d e v ic e .
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[2 1 ]  K . M iy a sh ita , M . S h ib a ta , D ig e s t  o f  Jap an  D is p la y  ( 1 9 9 3 )  1 0 0 .
[2 2 ]  C . N . K in g , S ID  L e c tu r e  N o te s ,  1 9 8 8 .
[2 3 ]  E . B r in g u ie r , J o u rn a l o f  A p p lie d  P h y s ic s  7 0  ( 1 9 9 1 )  4 5 0 5 .
[2 4 ]  E . B r in g u ie r , J o u rn a l o f  A p p lie d  P h y s ic s  6 7  ( 1 9 9 0 )  7 0 4 0 .
[2 5 ]  K . L . C h o p ra , S . M a jo r , D .K . P a n d y a , T h in  S o l id  F ilm s  1 0 2  ( 1 9 8 3 )  1.
[2 6 ]  P . M . A lt ,  P ro c . S ID  2 5  ( 1 9 8 4 )  1 2 3 .
[2 7 ]  W . E . H o w a r d , IE E E  T ran s. E le c tr o n  D e v ic e s  E D - 2 4  ( 1 9 7 7 )  9 0 3  a n d  P ro c . S ID  
18  (1 9 7 7 )  1 1 9 .
[2 8 ]  S . K . T ik u  an d  G . C . S m ith , IE E E  T ran s. E le c tr o n  D e v ic e s  E D -3 1  ( 1 9 8 4 )  1 0 5 .
[2 9 ]  W . E . H o w a r d , IE E E  T r a n s a c t io n s  o n  E le c tr o n ic  D e v ic e s  2 4  (1 9 7 7 )  9 0 3 .
[3 0 ]  Y . A . O n o , E le c tr o lu m in e s c e n t  D is p la y s ,  in  H .L . O n g  (E d .) ,  S e r ie s  o n  
In fo r m a tio n  D is p la y .  W o r ld  S c ie n t if ic ,  S in g a p o r e , 1 9 9 5 , V o l .  1, p p . 6 5 .
[3 1 ]  Y . F u jita , J. K u w a ta , M . N is h ik a w a , T . T o h d a , T . M a tsu o k a , A . A b e  an d  T. 
N itta , Jap an  D is p la y ’8 3  (1 9 8 3 )  7 6  an d  P ro c . S ID  2 5  ( 1 9 8 4 )  17 7 .
[3 2 ]  A . M ik a m i, K . T era d a , K . O k ib a y a sh i, K . T a n a k a , M . Y o s h id a  an d  S . N a k a jim a ,  
J. A p p i. P h y s .,  7 2  ( 1 9 9 2 )  7 7 3 .
[3 3 ]  C . N . K in g , 1 9 8 5  S I D  S e m in a r  L e c tu r e  N o te s  V o l .  1 , S -4 .1  ( 1 9 8 5 )  4 .1 /1 .
[3 4 ]  Y . A . O n o , E le c tr o lu m in e s c e n t  D is p la y s ,  in  H .L . O n g  (E d .) , S e r ie s  o n
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In fo r m a tio n  D is p la y ,  W o r ld  S c ie n t if ic ,  S in g a p o r e , 1 9 9 5 , V o l .  1 , p p . 1 4 8 .
[3 5 ]  L . I. M a is s e i  an d  R . G la n g , e d ito r s , H a n d b o o k  o f  T h in  F ilm  T e c h n o lo g y ,  
M c G r a w -H il l ,  N e w  Y o r k , ( 1 9 7 0 ) .
[3 6 ]  J. L . V o s s e n  an d  W . K ern , e d ito r s , T h in  F ilm  P r o c e s s ,  A c a d e m ic  P r e ss , N e w  
Y o r k  ( 1 9 7 8 ) .
[3 7 ]  R . F . B u n sh a h , ed ito r , D e p o s i t io n  T e c h n o lo g ie s  fo r  F i lm s  an d  C o a tin g s:  
D e v e lo p m e n t s  a n d  A p p lic a t io n s ,  N o y e s  P u b lic a t io n s , P a rk  R id g e , N e w  J e r se y
( 1 9 8 2 ) .
[3 8 ]  S . K . G h a n d h i, V L S I  F a b r ic a tio n  P r in c ip le s , J o h n  W ile y  &  S o n s ,  N e w  Y o r k
( 1 9 8 3 ) .
[3 9 ]  H . D is l i c h  a n d  E . H u ssm a n n , T h in  S o lid  F i lm s , 7 7  ( 1 9 8 1 )  1 2 9 .
[4 0 ]  K . L . C h o p ra  an d  I. K au r, T h in  F ilm  D e v ic e  A p p lic a t io n s ,  P le n u m  P r e ss , N e w  
Y o r k  (1 9 8 3 ) .
[4 1 ]  D . A . G lo c k e r  a n d  S . I. S h a h , H a n d b o o k  o f  T h in  F ilm  P r o c e s s  T e c h n o lo g y ,  
In stitu te  o f  P h y s ic s  p u b lis h in g , B r is to l  an d  p h ila d e lp h ia  ( 1 9 9 5 ) .
[4 2 ]  K . W a s a  an d  S . H a y a k a w a , H a n d b o o k  o f  S p u tter  D e p o s it io n  T e c h n o lo g y :  
P r in c ip le s , T e c h n o lo g y  an d  A p p lic a t io n , N o y e s  P u b lic a t io n s , N e w  J e r se y  
(1 9 9 2 ) .
[4 3 ]  J. K . R o b e r ts o n  a n d  C . W . C la p p , N a tu re  1 3 2  ( 1 9 3 3 )  4 7 9 .
[4 4 ]  G . S . A n d e r so n , W . N .  M a y e r  an d  G . K . W e h n e r , J. A p p l.  P h y s .,  3 3  ( 1 9 6 2 )  
2 2 9 1 .
[4 5 ]  P . D . D a v id s e  an d  L .I. M a is s e i ,  J. A p p l. P h y s .,  3 7  ( 1 9 6 6 )  7 5 4 .
[4 6 ]  F . M . P e n n in g , U . S . P a te n t  2 , 1 4 6 , 0 2 5  (F e b . 1 9 3 5 ) .
[4 7 ]  W . D . G il l  an d  E . K a y , R e v . S e i .  In stru m ., 3 6  ( 1 9 6 5 )  2 7 7 .
[4 8 ]  E . K a y , U . S . P a te n t  3 0 9 ,  1 5 9  (S e p t . 1 9 6 3 ) ,  a s s ig n e d  to  I B M  C orp .
[4 9 ]  S . H a y a k a w a  an d  K . W a sa , J. P h y s . S o c . Jp n ., 2 0  ( 1 9 6 5 )  1 6 9 2 .
[5 0 ]  K . W a s a  a n d  S . H a y a k a w a , J. P h y s . S o c . Jp n ., 2 0  ( 1 9 6 5 )  1 2 1 9 .
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[5 1 ]  K . W a s a  an d  S . H a y a k a w a , IE E E  T ran s. P a rts  M a te r ia ls  P a c k a g in g , P M P -3 :  71  
( 1 9 6 7 ) .
[5 2 ]  K . W a s a  an d  S . H a y a k a w a , R e v . S e i .  In stru m ., 4 0  ( 1 9 6 9 )  6 9 3 .
[5 3 ]  K . W a s a  a n d  S . H a y a k a w a , T h in  S o l id  F ilm s , 5 2  ( 1 9 7 8 )  3 1 .
[5 4 ]  K . W a s a  an d  S . H a y a k a w a , Jpn. P a te n t  6 4 2 ,  0 1 2  ( 1 9 6 7 ) ,  a s s ig n e d  to  M a tsu sh ita  
E le c tr ic  Ind . C orp .
[5 5 ]  P . J. C la rk e , U . S . P a te n t 3 , 6 1 6 , 4 5 0  (O ct. 1 9 7 1 ) .
[5 6 ]  J. S . C h a p in , R e s . /D e v . ,  2 5  ( 1 9 7 4 )  3 7 .
[5 7 ]  V . H o ffm a n , S o l id  S ta te  T e c h n o l .,  5 7  (D e c . 1 9 7 6 ) .
[5 8 ]  R . P h o l  a n d  P . P r in g sh e im , V er h . D T S C H . P h y s . G e s .,  1 4  (1 9 1 2 )  5 4 6 .
[5 9 ]  G . B a u er , A n n . P h y s . L p z .,  19  ( 1 9 3 4 )  4 3 4 .
[6 0 ]  J. S tr o n g , J. O p t. S o c .  A m .,  2 6  (1 9 3 6 )  7 3 .
[6 1 ]  C . C a rtw rig h t an d  A . T ru n er , M u lt ila y e r  f i lm s  o f  h ig h  r e f le c t in g  p o w e r  P h y s .  
R e v . ,  5 5  ( 1 9 3 9 )  1 1 2 8 A .
[6 2 ]  E a s tm a n  K o d a k  C o ., p r iv a te  c o m m u n ic a t io n .
[6 3 ]  1 9 5 1  B r it ish  p a te n t 7 5 4  2 1 0 .
[6 4 ]  1 9 6 9  U S  p a te n t 3 2 3 0  1 1 0 .
[6 5 ]  D . M . M a tto x , F u n d a m e n ta ls  o f  io n  p la tin g , 10  ( 1 9 7 3 )  4 7 .
[6 6 ]  E . H a n tz c h e , IE E  T ran s. P la s m a  S e i . ,  18  (1 9 9 0 )  8 8 3 .
[6 7 ]  K . H . M u lle r , J. A p p l. P h y s .,  5 9  ( 1 9 8 6 )  2 8 0 3 .
[6 8 ]  N . U e ta k e , T . A s a n o  an d  K . S u z u k i, R e v . S e i. In stru m ., 6 2 ( 1 9 9 1 )  1 9 4 2 .
[6 9 ]  P . C . Z a lm , 1 9 8 9  Q u a n tita tiv e  sp u tte r in g  H a n d b o o k  o f  Io n  B e a m  T e c h n o lo g y  ed  
J. J. C u o m o , S . M . R o s s n a g e l  an d  H . R . K a u fm a n  ( N e w  J e r s e y :N o y e s )  p p  7 8 -  
111.
[7 0 ]  R . F . B u n s h a h , IE E E  T ran s. P la sm a  S e i. ,  18 ( 1 9 9 0 )  8 4 6 .
[7 1 ]  I. H . K h a n , in  H a n d b o o k  o f  T h in  F ilm  T e c h n o lo g y , (L . M a is s e l  a n d  R . G la n g ,
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[ 7 2 ]  C . J. B r in k e r  an d  G . W . S c h e r e r , S o l-G e l  S c ie n c e  (B o s t o n , M a ss:  A c a d e m ic  
P r e ss )  (1 9 9 0 ) .





















J. J. E b e lm e n , A n n ., 5 7  ( 1 8 4 6 )  3 3 1 .
W . G e f fc k e n  a n d  E . B e r g e r , G e rm a n  P a te n t  7 3 6  4 1 1  ( M a y  1 9 3 9 ) .
H . S c h r o e d e r , P h y s . T h in  F ilm s , 5 ( 1 9 6 9 )  87 .
T . G ra h a m , J. C h e m . S o c . ,  17  ( 1 8 6 4 )  3 1 8 .
C . B . H u rd , C h e m . R e v . ,  2 2  ( 1 9 3 8 )  4 0 3 .
S . S . K is tle r , J. P h y s . C h e m ., 3 6  ( 1 9 3 2 )  52 .
R . H . E w e l l  a n d  H . I n s le y ,  J. R e s . N B S ,  15 ( 1 9 3 5 )  1 7 3 .
R . M . B arrer  an d  L . H in d s , N a tu r e , 1 6 6  ( 1 9 5 0 )  5 6 2 .
R . R o y , J. A m . C era m . S o c . ,  3 9 [ 4 ]  ( 1 9 5 6 )  1 4 5 .
R . R o y , J. A m . C era m . S o c . ,  5 2 [6 ]  ( 1 9 6 9 )  3 4 4
R . M . D e l l ,  in  R e a c t iv ity  o f  s o l id s ,  e d s . J. S . A n d e r so n , M . W . R o b e r ts , an d  F . S . 
S to n e  (C h a p m a n  an d  H a ll , N . Y .,  1 9 7 2 ) ,  5 5 3 .
J. L . W o o d h e a d , S i l ic a te s  In d ., 3 7  ( 1 9 7 2 )  1 9 1 .
L . L e v e n e  an d  I. M . T h o m a s , U .  S . p a ten t 3 ,6 4 0 ,0 9 3  (F e b r u a r y  8 , 1 9 7 2 ) .
H . D is l i c h ,  A n g e w a n d t  C h e m ie , 1 0 [6 ]  ( 1 9 7 1 )  3 6 3 .
E . W a in e r , G e rm a n  P a te n t  1 ,2 4 9 ,8 3 2  (A p r il 1 1 , 1 9 6 8 ) .
H . G . S o w m a n , U . S . P a te n t  3 ,7 9 5 ,5 2 4  (M a r ch  5 , 1 9 7 4 ) .
S . H o r ik u r i, K . T s u j i,  Y .  A b e , A . F u k u i an d  E . I c h ik i,  J a p a n e se  P a te n t  4 9 -  
1 0 8 3 2 5  (O c to b e r  1 5 , 1 9 7 4 ) .
B . E . Y o ld a s ,  J. M a ter . S c i . ,  1 0  ( 1 9 7 5 )  1 8 5 6 .
B . E . Y o ld a s ,  J. M a ter . S c i . ,  12  ( 1 9 7 7 )  1 2 0 3 .
M . Y a m a n e , A . S h in ji a n d  T . S a k a in o , J. M ater . S c i . ,  13  ( 1 9 7 8 )  8 6 5 .
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[9 3 ]  A . J. V e g a  a n d  G . W . S ch ere r , J. N o n -C r y s t . S o l id s ,  111  [2 ,3 ]  ( 1 9 8 9 )  15 3 .
[9 4 ]  T . W . Z erd a , I. A rta k i an d  J. J. J o n a s , J. N o n -C r y s t . S o l id s ,  81  ( 1 9 8 6 )  3 6 5 .
[9 5 ]  G . O r c e l, L . L . H e n c h , I. A rta k i, J. J o n a s  a n d  T . W . Z erd a , J. N o n -C r y s t . S o lid s ,  
1 0 5  ( 1 9 8 8 )  2 2 3 .
[9 6 ]  R . W . H o p p e r  an d  D . R . U h lm a n n , M a ter . S c i .  an d  E n g ., 15 ( 1 9 7 4 )  1 3 7 .
[9 7 ]  J. F r e n k e l, J. P h y s . ( M o s c o w ) ,  9 [5 ]  ( 1 9 4 5 )  3 8 5 .
[9 8 ]  L . E . S c r iv e n  in  b e tte r  C e r a m ic s  T h r o u g h  C h e m is tr y  III e d s . C . J. B r in k e r , D . E. 
C la r k e  an d  D . R . U lr ic h  (M a t. R e s .  S o c . ,  P ittsb u rg , P a ., 1 9 8 8 ) ,  p p . 7 1 7 -7 2 9 .
[9 9 ]  R . P . S p ie r s , C . V . S u b a ra m a n  a n d  W . L . W ilk in s o n , C h e m . E n g . S c i . ,  2 9  (1 9 7 4 )  
3 8 9 .
[ 1 0 0 ]  L . D . L a n d a u  an d  B . G . L e v ic h ,  A c t a  P h y s io c h im , U . R . S . S .,  17  ( 1 9 4 2 )  4 2 .
[ 1 0 1 ]  D . E . B o m s id e ,  C . W . M a c o s k o  a n d  L . E . S c r iv e n , J. I m a g in g  T e c h .,  13 (1 9 8 7 )  
122.
[ 1 0 2 ]  B . H ig g in s ,  P h y s . F lu id s , 2 9  ( 1 9 8 6 )  3 5 2 2 .
[ 1 0 3 ]  A . G . E m s lie ,  F . T . B o n n e r  a n d  L . G . P e c k , J. A p p l. P h y s .,  2 9  ( 1 9 5 8 )  8 5 8 .
[ 1 0 4 ]  D .  E . C lark , W . J. D a lz e l l  an d  D . C . F o lz ,  C era m . E n g . S c i .  P r o c ., 9  (1 9 8 8 )  
1111.
[ 1 0 5 ]  L . F o s s ,  M . S . T h e s is ,  M a s s a c h u s e t ts  In stitu te  o f  T e c h n o lo g y ,  C a m b r id g e ,  
M a s s . ( 1 9 8 2 ) .
[ 1 0 6 ]  S . S to r z , J. C o llo id  an d  Int. S c i . ,  6 5  ( 1 9 7 8 )  1 1 8 .
[ 1 0 7 ]  B . D e ij a g u in ,  Y a . I. R a b in o v ic h , A . I. S to r o z h ilo v a  a n d  G . I. S h c h e r b in g , J. 
C o llo id  In te r fa c e  S c i . ,  5 7  ( 1 9 7 6 )  4 5 1 .
[ 1 0 8 ]  W . J. D a lz e l l  an d  D . E . C lark , C er. E n g . A n d  S c i. P r o c .,  7  ( 1 9 8 6 )  1 0 1 4 .
[ 1 0 9 ]  T . J. G a r in o , P h .D . T h e s is ,  M a s s a c h u s e t ts  In stitu te  o f  T e c h n o lo g y ,  C a m b rid g e , 
M a s s . ( 1 9 8 6 ) .
[ 1 1 0 ]  T . J. G a r in o  an d  H . K . B o w e n ,  J. A m . C eram . S o c . ,  7 0  ( 1 9 8 7 )  3 1 5 .
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[ 1 1 1 ]  T . J. G a r in o  a n d H . K . B o w e n ,  J. A m . C era m . S o c . ,  7 0  ( 1 9 8 7 )  3 1 1 .
[ 1 1 2 ]  L . G . B u n v i l le  in  M o d e m  M e th o d s  o f  P a r t ic le  S iz e  A n a ly s is ,  ed . H . G . B arth  
(W ile y ,  N e w  Y o r k , 1 9 8 4 ) , p . 6 .
[1 1 3 ]  M . L o tt ia u x , C . B o u le s te ix ,  G . N ih o u l  e t  a l., T h in  S o lid  F ilm s , 1 7 0  ( 1 9 8 9 )  107 .
[1 1 4 ]  J. D .  M a c k e n iz e ,  L . L. H e n c h  a n d  D . R . U lr ic h  in  U ltra stru c tu r e  P r o c e s s in g  o f  
G la s s e s ,  C e r a m ic s  an d  C o m p o s it e s ,  e d s . (W ile y ,  N e w  Y o r k , 1 9 8 4 ) ,  p . 15.
[1 1 5 ]  W . H . S te e l ,  In te r fer o m e tr y , 2 nd. E d it io n , C a m b r id g e  U n iv e r s i ty  P r e s s , ( 1 9 8 3 ) .
[1 1 6 ]  E . P a s s a g lia ,  R . R . S tr o m b e r g  an d  J. K r u g e r  (e d s .) ,  “E l l ip s o m e tr y  in  th e  
M e a s u r e m e n t  o f  S u r fa c e  an d  T h in  F i lm s ,” N B S  M is c .  P u b l. 2 5 6 ,  G o v e r n m e n t  
P r in tin g  O f f ic e ,  W a sh in g to n , D . C ., 1 9 6 4 .
[1 1 7 ]  H .G . T o m p k in s , A  U s e r s  G u id e  to  E llip so m e tr y , A c a d e m ic  P r e s s  In c ., S a n  
D ie g o ,  ( 1 9 9 3 ) .
[1 1 8 ]  K . R ie d lin g , E ll ip s o m e tr y  fo r  In d u str ia l A p p lic a t io n , S p r in g e r -V e r la g  W ie n ,  
N e w  Y o r k , (1 9 8 8 ) .
[ 1 1 9 ]  L . B . V a ld e s ,  “M e a su r e m e n t  o f  m in o r ity  carrier  l i f e t im e  in  g e r m a n iu m ,” P ro c .
I .R .E ., 4 0  N o v .  ( 1 9 5 2 )  1 4 2 9 .
[1 2 0 ]  F . W e n n e r , B u lle t in  o f  th e  B u r e a u  o f  S ta n d a rd s, 1 2 ( 1 9 1 5 )  4 6 9 .
[1 2 1 ]  L . B . V a ld e s ,  “R e s is t iv i ty  m e a su r e m e n ts  o n  g e r m a n iu m  fo r  tra n s is to r s” , P roc .
I .R .E ., 4 2  F e b . ( 1 9 5 4 )  4 2 0 .
[1 2 2 ]  L . B . V a ld e s ,  “E f f e c t  o f  e le c tr o d e  s p a c in g  o n  th e  e q u iv a le n t  b a s e  r e s is ta n c e  o f  
p o in t -c o n ta c t  tra n s is to rs” P ro c . I .R .E ., v o l .  4 0 ,  N o v  ( 1 9 5 2 )  1 4 2 9 .
[1 2 3 ]  L . J. V a n  d er  P a u w , P h i l ip s  R e se a r c h  R e p o r ts , 1 3 , 1 ( 1 9 5 8 )  1 -9 .
[ 1 2 4 ]  D .  C . L o o k , “E le c tr ic a l c h a r a c te r iz a t io n  o f  G a A s  m a te r ia ls  an d  d e v ic e s ” , 
W ile y ,  N Y  ( 1 9 8 9 )  1 2 -2 0 .
[ 1 2 5 ]  H . W e id e r , “ L a b o ra to ry  n o te s  o n  e le c tr ic a l  an d  g a lv a n o m a g n e t ic  
m e a s u r e m e n ts ” , E ls e v ie r ,  A m s te r d a m  (1 9 7 9 )  7 -9 .
[1 2 6 ]  E . H . H a ll ,  “O n  a  n e w  a c t io n  o f  th e  m a g n e t  o n  e le c tr ic  cu rr en ts” , A m e r . J.
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[1 2 7 ]  “ S u r fa c e  te x tu r e  (su r fa c e  r o u g h n e s s , w a v in e s s  an d  la y ) ” , A m e r ic a n  S o c ie t y  o f  
M e c h a n ic a l  E n g in e e r s , 1 9 9 6 . ( A S M E  B 4 6 . 1 -1 9 9 5 ) ,  N e w  Y o r k , N Y .
[1 2 8 ]  D . L in -V ie n , N . B . C o lth u p , W . G . F a te le y  an d  J. G . G r a s s e l l i ,  “T h e  H a n d b o o k  
o f  In frared  a n d  R a m a n  C h a r a c te r is t ic  F r e q u e n c ie s  o f  O r g a n ic  M o le c u le s ” , 
A c a d e m ic  P r e s s , In c ., N e w  Y o r k , 1 9 9 1 .
[1 2 9 ]  N .  B . C o lth u p , L . H . D a ly  an d  S . E . W ib e r ly , In tr o d u c tio n  to  In frared  and  
R a m a n  S p e c tr o s c o p y , A c a d e m ic  P r e ss , in c .,  S a n  D ie g o ,  1 9 9 0
[1 3 0 ]  K . N a k a m o to , In frared  an d  R a m a n  S p e c tra  o f  In o r g a n ic  a n d  C o o r d in a tio n  
C o m p o u n d s , 4 th e d n ., J oh n  W ile y  &  S o n s , N e w  Y o r k , 1 9 8 6 .
[1 3 1 ]  J. P . G lu sk e r  an d  K . N . T r u e b lo o d , C ry sta l S tru c tu re  A n a ly s is ,  2 nd E d it io n ,  
O x fo r d  U n iv e r s ity  P r e ss , 1 9 8 5 .
[1 3 2 ]  W . L . B r a g g , T h e  C r y s ta llin e  S ta te , V o l .  I: A  G e n e r a l S u r v e y , G e o r g e  B e l l ,  
L o n d o n , 1 9 3 3 .
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X-Ray Diffraction Data Table For Titanium Dioxide (Card No. 21-1272)
Appendix A
20 Intensity h k l
25.281 100 1 0 1
36.947 10 103
37.801 20 0 0 4
38.576 10 1 1 2
48.050 35 2 0 0
53.891 20 105
55.062 20 2 1 1
X-Ray Diffraction Data Table For Tantalum Oxide (Card No. 25-0922)
20 Intensity h k l
22.901 85 0 0  1
28.290 100 1 1 0
36.664 75 1 1 1
46.685 25 0 0 2
49.727 17 0 2 0
50.703 18 0 2 2
55.475 35 0 2  1
X-Ray Diffraction Data Table For Zinc Oxide (Card No. 36-1451)
20 Intensity h k l
31.770 57 1 0 0
34.422 44 0 0 2
36.253 100 1 0 1
47.539 23 1 0 2
56.603 32 1 1 0
A-l
X-Ray Diffraction Data Table For Indium Tin Oxide (Card No. 44-1087)
20 Intensity h k l
35.451 28 4 0 0
37.688 3 4 1 1
39.809 1 4 2 0
41.841 < 1 3 3 2
43.797 < 1 4 2 2
45.684 3 43 1
49.288 2 521
51.019 35 4 4 0
52.708 1 43 3
54.360 <1 6 0 0
55.975 2 6 1 1
57.565 1 6 2 0
59.127 1 5 41
A-2
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